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IX

Preface

Th e research presented in this volume spans the period 2001-2006 during which I worked 

toward my PhD at the University of Amsterdam (UvA). My collaboration with Maarten 

Boerlijst and André de Roos is older than that; I performed a signifi cant part of my MSc 

work under their wings. Th e population biology group of the UvA, headed by professor 

Maus Sabelis, with its expert knowledge on both evolution and ecology was the perfect 

background for this research. Over the years, its evolutionary epidemiology branch headed 

by Maarten grew out to become a small group with several students. Th e research project 

Maarten and I started in 2001 was typical for the direction our fi eld of science was taking 

globally. Advances in the fi elds of computation and mathematical theory, in combination 

with increasing data availability on infectious diseases, have made analysis of the evolution 

and ecology of infectious disease more accessible than ever. Moreover, the rapid evolution 

of pathogens has made them a prime candidate for testing general evolutionary principles. 

Th e threat of pandemic avian infl uenza and the SARS outbreak in 2003 brought the fi eld 

to the attention of the general public. 

Th e project diversifi ed from the very beginning. One branch traced the eff ects of spa-

tial pattern formation and contact networks on the evolution of virulence (loosely defi ned 

as disease severity). Th e other examined HIV and infl uenza in close connection with data 

and practice. Such a broad approach has proven to be of great value and interest for me.

Apart from the scientifi c chapters, the volume contains a general introduction, a 

summarizing discussion and a summary in Dutch that have been written for a broad 

audience. 

Marijn van Ballegooijen

August 2006
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1

General introduction

Th is thesis is about the evolution and ecology of infectious disease. Or actually, about 

the evolution and ecology of the agents, oft en viruses and bacteria, that cause infectious 

disease. Th ese organisms are collectively called pathogens. 

Evolution of pathogens has large consequences both on the level of individual infected 

patients and on the course of epidemics (Levin et al. 1999). Pathogens can become unrec-

ognizable to our immune system or immune to our vaccines (McMichael & Phillips 1997). 

Furthermore, through evolution, pathogens can acquire resistance against antibiotics, and 

disease courses can become more benign or more harmful (Lenski 1988). Pathogen evo-

lution is also important when a pathogen adapts to a new host species aft er a so called 

‘species-jump’, because successful adaptation can be a prerequisite for the pathogen to 

spread successfully in a new host species (Antia et al. 2003). Species-jumps and subse-

quent adaptation to the new host can confront the human population with new emerging 

diseases, such as HIV (Goudsmit 1998) and SARS (McLean et al. 2005), or new variants of 

common diseases, such as the H5N1 Infl uenza subtype from birds (World Health Organi-

zation 2005, Ferguson et al. 2005, Enserink 2004). 

Improving our understanding of the mechanisms that drive the evolution of pathogens 

is the aim of this thesis. Th is also requires an understanding of the ecological interaction 

between pathogens and their host (Galvani 2003). Within this broad theme, this thesis 

will focus on two main topics. First, it will examine the consequences of patterns in the 

spatial distribution of disease and immunity on the evolution of pathogens. Second, the 

consequences of the evolutionary escape from the immune system by HIV and infl uenza 

on their epidemic spread it will studied. 

Evolution and ecology

Evolution is a process of change that involves two steps: (1) the generation of genetic di-

versity through random mutations, and (2) the process of natural selection. Mutations 

are changes in the DNA or RNA of organisms. Th ese changes can have an eff ect on how 

organisms perform; how fast they grow, or what they look like. Most mutations will have 

detrimental eff ects, but some may prove to be advantageous (Sanjuán et al. 2004, Rozen 

et al. 2002, Elena et al. 1998). Some mutations have large eff ects, whereas the eff ect of 

others is insignifi cant (Sanjuán et al. 2004). Th e fi tness eff ects of mutations can be strongly 
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dependent on the environmental context (van Opijnen et al. 2006). Mutations can be her-

itable, meaning that the off spring of the mutant will also carry the mutation. As already 

suggested some mutants may perform better than others and consequently increase in 

number. Th is process where individuals with favourable traits are more likely to survive 

and reproduce is called natural selection.

Probably, most people associate ‘evolution’ with substantial morphological changes 

that take millions of years to accomplish, like the evolutionary splitting between humans 

and apes. We will focus on much smaller changes in pathogen properties; for instance 

increases or decreases in transmissibility, or subtle changes in the shape of surface proteins 

of pathogens by which they can escape from host immunity. Such evolution of pathogens 

can be very rapid. Th is is because pathogens oft en have high mutation rates, large popu-

lations even within a single infected host and a short generation time. For instance, in 

infl uenza, subsequent epidemics are oft en caused by newly evolved strains (Earn et al. 

2002). Th e evolution of HIV is so fast that even within one infected patient the genetic 

composition of the virus population changes during the course of the infection (Hahn et 

al. 1986). Th eir fast evolution makes pathogens excellent objects for the study of evolution, 

because evolutionary change can be observed in the lab, even on the timescale of a PhD (!), 

and in sequence data collected from epidemics (Drummond et al. 2003, Elena & Lenski 

2003, Ebert 1998).

Th e question how well a particular mutant pathogen will perform in terms of natural se-

lection oft en has no clear-cut answer, as this typically depends on the circumstances. Is 

the epidemic just starting, or is it already at its end? How much immunity did a previous 

epidemic leave in the population? Which mutants are successful depends among other 

things on the relative numbers of susceptible and immune hosts that the mutant will en-

counter. Th e study of population dynamics, which is part of the fi eld of ecology, aims to 

understand how the size and composition of populations changes over time. Population 

dynamic models can also be used to describe changes in the susceptibility and immu-

nity of a population that are the result of interactions between pathogens and their hosts. 

Population dynamic modelling starts from the bottom up by making assumptions about 

the behaviour of –in this case– individual pathogens and hosts. How infectious is the 

pathogen? How much contact is there between infected and uninfected hosts? Th ese proc-

esses are oft en studied with mathematical models and computer programs, because these 

‘languages’ are precise and they allow for calculating the changes in susceptibility and im-

munity that are the consequence of the ecological interactions. To understand evolution 

of pathogens, it is necessary to incorporate ecological interactions because they determine 

the environment in which natural selection takes place (Grenfell et al. 2004). Th ere is 

a continual feedback between evolution and ecology. Pathogens determine, e.g. through 

their transmissibility and deadliness, how epidemics will run, and consequently they aff ect 
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host population dynamics. On the other hand, the epidemics and host population dynam-

ics can aff ect the evolution of pathogen traits.

Most pathogens cannot live or reproduce without a host. Models for pathogen evolution 

consequently can focus on the disease dynamics of the host population. In the most com-

monly used framework for modelling infectious disease, the host population is divided 

into three groups: (1) hosts that are susceptible to infection, (2) hosts that are infected, and 

(3) hosts that are resistant to infection because of immunity (Anderson & May 1991, Diek-

man & Heesterbeek 2000). Models that follow this framework are called SIR-models (Sus-

ceptible, Infected and Recovered). We will use them throughout this thesis. Oft en, these 

models assume the within host disease dynamics to be unimportant for the dynamics of 

the epidemics, and also typically, all hosts are considered to be identical. Th ese assump-

tions can readily be relaxed by adding more host categories to the models, for instance 

“exposed” hosts, that are infected but not yet infectious or diff erent host classes, e.g. age 

groups that diff er in connectivity and/or disease characteristics. In Chapter 4 a model is 

studied where the host population is subdivided in diff erent viral load categories, which 

diff er in disease prognosis and infectiousness.

Evolution of virulence

When studying the evolution of disease the term virulence will inevitably turn up. Viru-

lence means the severity of disease and refers to morbidity (sickness) and mortality (Bull 

1994). From an ecological point of view, virulence is defi ned as the disease induced loss 

of host fi tness (Stearns et al. 1999). Some pathogens are more virulent then others and 

even within a pathogen species diff erent strains can substantially diff er in virulence. Th e 

theory of pathogen evolution was originally founded in an attempt to understand such 

diff erences in virulence. In this theory high virulence seems disadvantageous, because 

most pathogens rely on their host for their reproduction and transmission. So killing the 

host seems detrimental to the pathogen itself (Stearns 1999).

In order to ‘understand’ the existence of highly virulent pathogens, fi rst it should be rec-

ognized that the virulence of a particular pathogen may not always be the result of evolu-

tionary optimization. When, for instance, a pathogen has recently jumped to a new host 

species, there may not have been time enough to adapt. Virulence could thus result from 

an unfortunate mismatch between pathogen and host. Th e current HIV epidemic could be 

an example of such a mismatch, as the original SIV virus seems to cause only mild disease 

in the original host (Goudsmit 1998).
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Many papers on the evolution of virulence will start by recounting the now abandoned 

‘conventional wisdom’ that suggested that all diseases would eventually evolve to mildness 

because keeping the hosts population healthy would be advantageous for the pathogen. 

Natural selection, however, does not care for keeping (host) species healthy. If a mutant 

pathogen somehow makes more infections than its competitors, it will become more nu-

merous even if it is also more deadly and puts the survival of the host at risk. Evolution 

does not plan ahead. In fact, evolution can be short-sighted. For example, mutations can 

allow the bacterium Haemophilus infl uenzae, normally infecting the nasopharyngeal pas-

sages, to colonize the cerebrospinal fl uid (CSF) and cause meningitis. Colonising the CSF 

will give these bacteria a new niche for growth, but it will prove an evolutionary dead-end 

because it is unlikely that these bacteria will ever be transmitted from the CSF to a new 

host (Levin & Bull 1994).

High virulence might be a side-product of selection for increased transmissibility. Patho-

gens need to make transmission stages to spread, so they need to take energy and biologi-

cal resources from their host. Th is can be the cause for increased morbidity and mortality 

of the infected host. For some diseases, an increase in transmissibility (shedding more 

transmission stages per day) comes at the cost of increased mortality (shorter transmis-

sion period). In such a case there is a so-called trade-off  between virulence and transmis-

sion (Ebert 1994, Bull 1994, Frank 1996, Messenger et al. 1999). A trade-off  can force 

pathogens to compromise between being contagious, and keeping its host alive (Lipsitch 

& Moxon 1997). Th e shape of such a trade-off  will determine the optimal level of virulence 

(Dieckmann et al. 2002). Having a high replication rate within a host may furthermore 

give pathogens an edge in the competition with their own mutant off spring (Bonhoeff er & 

Nowak 1994), and with other competing pathogen strains that may have infected the same 

host (van Baalen & Sabelis 1995, Nowak & May 1994, May & Nowak 1995). When a high 

replication rate gives such a competitive advantage, competition for hosts can lead to an 

evolutionary increase of virulence.

High virulence can also be observed if the symptoms of the disease that harm the host 

are actually benefi cial for the pathogen. Cholera, for example, caused by the bacterium 

Vibrio cholerae, can be transmitted through diarrhoea and sewage water. In regions with 

poor sanitation, this sewage pathway can be important for transmission. When V. cholerae 

comes into the gut, it starts to produce a toxin that causes diarrhoea (Scott Merrel et al. 

2002). Th is can cause severe morbidity and mortality in the host, but the induced diar-

rhoea will help the pathogen to spread. It has been observed that aft er improving sanita-

tion, severely virulent strains of cholera were replaced by milder strains. Supposedly, the 

sewage water route became less important and it became more important for the pathogen 

to keep its host alive, healthy and interacting with others (Ewald 1994). Similar examples 

in which the symptoms of a disease actually help the pathogen to spread are the rabbit 
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myxoma virus that causes infectious skin lesions (Fenner & Fantini 1999), and the com-

mon cold that makes you sneeze (Mims 2000).

Not all pathogen species will pay the same price for high virulence. Th e transmission mode 

can determine how much a pathogen suff ers from making the host sick (Ewald 1994). 

Diseases that spread through direct contact, such as the fl u, rely on their host directly in-

teracting with others. Flu should consequently not be too severe; as it cannot infect many 

people when the infected hosts stay in bed. Th e story is diff erent, however, for malaria, 

transmitted by mosquitoes. For the malaria parasite it does not matter much if its host 

stays sick in bed. As long as mosquitoes bite, they will take care of the transmission (Ewald 

1995). Particularly uncaring for the life of their host will be those pathogens whose trans-

mission stages can survive for a long time in the environment outside of the host. Th ese 

pathogens can kill their host and then just ‘sit and wait’ for a new host to pass by (Bonhoef-

fer et al. 1996, Gandon 1998). Th is virulent strategy was popularly coined “the Curse of the 

Pharaoh” in reference to the mysterious death of Lord Carnavon aft er entering the tomb of 

Tutankhamen. His death is speculated to have been caused by a highly virulent pathogen 

that resided in the tomb for centuries. 

Th e potential for rapid evolution of pathogens, and the danger of new human pathogens 

emerging through species jumps and subsequent adaptation are a cause for concern. 

Understanding the mechanisms that underlie pathogen evolution may enable us to get a 

better understanding of the threats and a more clear idea of how to act against it (Brown 

et al. 2006). Whatever management intervention, vaccination program, or drug treatment 

humans will undertake against infectious disease, the pathogens are likely to respond with 

counter evolution (Gandon et al. 2001). Unfortunately, this will oft en lead to an ultimately 

reduced effi  cacy or even failure of the intervention. However, in some circumstances, as 

discussed above for cholera, the eff ects of evolution in response to human intervention (i.c. 

improved sanitation) may not be detrimental at all. Th ere may even be room for “virulence 

management”, that is to apply intervention measures that prevent selection for increased 

harmfulness (Ebert & Bull 2003, Dieckmann et al. 2002). 

Spatial patterns and contact networks

Th e world in which pathogens live is formed by the host population. For diseases that 

spread through direct contact, the (social) contact network of the host population is es-

sential (Hufnagel et al. 2004). Particularly, for humans, there will be diff erences in network 

structure between communities, for instance between cities and rural areas. Unfortunately, 

observations of spatial spread in infectious disease are scarce. One of the fi rst studies of 
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disease spread in the human population was the identifi cation of travelling waves of mea-

sles in England and Wales (Grenfell et al. 2001). Travelling waves of infection were also 

observed for dengue fever in Th ailand (Cummings et al. 2004). Th e spread of infl uenza 

in the US follows workfl ow patterns more than simple geographic distance, but there is 

apparent direction of spread from major cities to the countryside (Viboud et al. 2006). 

Th ere is also some evidence for wave-like spread of Ebola in Gabon and Congo (Walsh et 

al. 2005) and of fox rabies in Ontario (Real et al. 2005). Ecological models that describe 

the generation of spatial patterns of infection usually do not start with these patterns 

themselves, but instead use a bottom up approach, starting with assumptions about the 

structure of the contact network and the conditions under which infections take place. 

Mathematical modelling is then used to estimate what spatial distributions could result 

from these assumptions. 

Spatial structure in the distribution of immunity and infection can have major conse-

quences for the evolution of pathogen properties. Without spatial structure, natural selec-

tion is oft en found to promote selfi shness, that is, to maximise the number of off spring (i.c. 

secondary infections). In spatial settings, however, pathogen strains can aff ect the quality 

of their local environment, and there can be selection for properties that enhance this local 

quality. It has been shown that spatial structure can thus help to support the evolution of 

altruism (Nowak et al. 1994, van Baalen & Rand 1998) and prudent parasitoid properties 

(Boerlijst et al. 1993). Most studies of pathogen evolution evaluate natural selection with-

out considering spatial structure. Th ey calculate which pathogen type, when infecting a 

host, would cause the highest number of newly infected hosts. In spatial systems, however, 

pathogen types that locally cause more infections, can reduce the local number of available 

hosts, or even cause local extinction of the host population (Johnson & Boerlijst 2002). 

A by now classic example of host spatial population structure aff ecting pathogen 

evolution was provided by Rand et al. in 1995 (see also Boots et al. 2004, Boots & Sasaki 

1999 & Haraguchi & Sasaki 2000). Th ey constructed a computer model of a host popula-

tion suff ering from a deadly pathogen. High mortality reduced this population to several 

isolated patches of hosts. In this patchy system, there is a critical disease transmissibility. 

If pathogens in this model are too transmissible, they typically infect and kill all hosts in 

their patch before it can connect to uninfected patches. Natural selection in this spatial 

host-pathogen system will select for pathogen transmissibility that is just below the criti-

cal transmissibility where the host patch would go extinct. While higher transmissibility 

is advantageous at the individual level (highly transmissible pathogens can make more 

infections and have a short term local advantage), natural selection at the level of spatial 

patches keeps transmissibility bounded.
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In the spatial models presented in this thesis (chapters 2 and 3), spatial travelling waves 

will play an important role. Th ese waves of infection leave an area of immune hosts in their 

wake, so that the infection wave cannot turn around and run in the opposite direction. 

Th ese travelling waves typically organise into so-called spiral waves. Spiral shaped waves 

occur in many chemical and biological systems. Amoebae of the slime mould Dictyostelium 

discoideum induce spiral waves of cAMP, and these waves are used for aggregation into the 

multicellular stage (Marée 2000). Spiral waves were observed in models for autocatalytic 

chemical cycles (so called ‘hypercycles’, Boerlijst & Hogeweg 1991a) and parasitoid-host 

systems (Rohani & Miramontes 1995, Savill et al. 1997 Hassel et al. 1991). Spiral shaped 

waves of electric excitation can occur in cardiac tissue and can be responsible for cardiac 

arrhythmias (ten Tusscher 2004). Spiral waves of calcium are thought to play an important 

role in intercellular communication (Wilkins & Sneyd 1998). We even once found a spiral 

shaped fungal sporulation pattern in a forgotten teapot in our lab! 

When diff erent spiral waves exist next to each other, fast rotating spiral waves will 

outcompete spiral waves that rotate slower (Zaikin & Zhabotinski 1970, Boerlijst et al. 

1993). Th is opens the possibility for natural selection of properties that allow spiral waves 

to rotate faster (Boerlijst & Hogeweg 1991b, van Ballegooijen & Boerlijst 2004). As you 

will read in chapters 2 and 3, this surprisingly leads to natural selection for pathogens that 

are easier to clear by the immune system.

Escaping immunity

Escaping from clearance by the immune system is essential to most pathogens, and evolu-

tion gives a means to escape. Th e most important components of the human immune sys-

tem in combating pathogens are antibodies and killer T cells. Antibodies can be found in 

the blood, lymphatic organs and mucosal tissue, and may deactivate pathogens that they 

encounter. Killer T cells can recognize and destroy cells that have been infected by viruses. 

Th e parts of a pathogen that trigger the immune system are called antigens. In a previous 

section it was explained that mutations can lead to a change in the virulence of pathogens. 

Mutations can also lead to a change in the antigens, which can make that the immune 

system can no longer eff ectively control the pathogen (Tsuchiya et al. 2001). Mutations 

in the antigens may or may not directly change the virulence of a disease (Kobasa et al. 

2004), but they can certainly infl uence future outbreaks, because they can allow pathogens 

to bypass immunity that is present in the infected hosts or the host population. Th is can 

lead to natural selection for antigenic change (Gog & Grenfell 2002, Bush et al. 1999, Ina 

& Gojobori 1994, Gog et al. 2003).
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Th e recognition of pathogens by antibodies or killer T cells that were originally targeted 

against diff erent pathogens is termed cross-immunity. Th e more alike two pathogens are, 

the stronger the cross-immunity against them. Cross-immunity plays an important role 

in interactions between diff erent pathogen variants. Human malaria, for instance, can be 

caused by four diff erent species of the Plasmodium parasite. Th ere is cross-immunity be-

tween these species, so that exposure to one Plasmodium variant reduces the severity of an 

infection caused by the others. Interestingly, infection by the relatively mild P. ovale can 

thus help to build resistance against the much more deadly P. falciparum. Th is cross-im-

munity is not strong enough to prevent several malaria species to coexist in a human com-

munity (Bruce et al. 2000), or even within a single infected patient (Bruce & Day 2003). 

Cross-immunity also plays an important role in the epidemiology of infl uenza. Th ere 

are currently three serotypes of infl uenza circulating in the human population, labelled 

H1N1, H3N2 and B. An epidemic caused by one of these serotypes causes cross-immunity 

against the other two (Sonoguchi et al. 1985), and commonly only one of these serotypes 

dominates the yearly epidemic. Th is cross-immunity is relatively short lasting, whereas the 

specifi c immunity against the serotype strain that caused the outbreak lasts for many years 

or even lifelong. Th is mechanism gives a selective advantage to serotypes that have not 

been active in the previous year, and it might explain why the serotypes alternate between 

years (Ferguson et al. 2003). 

Some infectious diseases thrive because the pathogens that cause them can escape from 

immune recognition because of a high mutation rate. HIV and infl uenza are examples. 

Th e mutation rate for HIV is so high that even within an infected patient the virus popula-

tion forms a mutant cloud (Hahn et al. 1986). Th is makes HIV highly effi  cient in fi nding 

mutations that confer escape from immune recognition or immunity to drugs (Coffi  n 

1995). Th e interaction between the immune system and HIV is further complicated by the 

fact that HIV can infect the immune cells themselves, and thus also reaps a benefi t from a 

boosted immune response (Korthals Altes et al. 2002, Nowak 1992). Attempts to develop 

a vaccine that protects against HIV infection have been unsuccessful so far. Current vac-

cine concepts, however, do show the potential to give the immune system better control 

over the virus aft er an infection, increasing lifespan and reducing further transmission 

(Letvin et al. 2006, Bogaards et al. 2005, Davenport et al. 2004, van Ballegooijen et al. 2003, 

Barouch et al. 2002). 

In contrast, infl uenza does not evolve fast enough to escape from the immune response 

during a single infection (both because of a smaller basic mutation rate, and because the 

infection period is much shorter). Instead, an accumulation of mutations over time across 

the host population allows infl uenza to acquire enough antigenic change to escape from 

immunity from previous epidemic strains. Because of the high mutation rate of each of 

the serotypes, infl uenza epidemics consist of many antigenically diff erent strains (Gog & 

Grenfell 2002). Only one of these will eventually become the progenitor of the next epi-
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demics (Fitch et al. 1997). Modern molecular techniques and extensive sampling schemes 

are currently giving us a more detailed view of infl uenza evolution (Ghedin et al. 2005, 

Holmes et al. 2005). Interestingly, the antigenic change within an infl uenza serotype is not 

gradual. Instead, clusters of antigenically similar strains replace each other every two to 

fi ve years (Plotkin et al. 2002, Smith et al. 2004). Th e World Health Organization (WHO) 

makes predictions about the strains responsible for future epidemics to give advice on spe-

cifi c vaccine production (Smith 2003). Realizing more accurate predictions greatly helps 

to decrease morbidity and mortality (Bush et al. 1999).

Outline of this thesis

Th is thesis consists of two parts. Th e fi rst part (chapters 2 and 3) presents two studies 

describing the eff ects of spatial pattern formation on the evolution of pathogen proper-

ties. Chapter 2 describes how in a spatial pathogen host model, natural selection can lead 

to evolution for maximal outbreak frequency. We describe how a long-lasting transient 

trade-off  between transmissibility and infection period can arise through spatial pattern 

formation even when transmissibility and infection period are allowed to evolve inde-

pendently, so without any underlying physiological constraints. Chapter 3 shows how an 

increased mutation rate in this spatial system can lead to evolutionary cycling in the length 

of the infection period. Interestingly, the cyclic evolution is made possible by spatial pat-

terns that only occur at the interface between competing pathogen strains. 

While the fi rst part of the thesis answers more fundamental questions about spatial 

pathogen evolution, the second part focuses on two specifi c examples of infectious dis-

eases for which escape from immune recognition through evolution is important. Chapter 

4 contains an assessment of the usage of imperfect vaccines against HIV. When a vaccine 

cannot prevent infection, but instead grants the immune system better control over the 

virus in case of an infection, mutations in the antigens used in the vaccine can allow the 

virus to escape. We address the question whether using such imperfect vaccines will be 

benefi cial on a human population level. Infected vaccinated persons have, temporarily, 

better control of the disease, which is clearly advantageous for the vaccinated individual, 

but which might be detrimental on the human population level, because these individuals 

have more time to cause new infections. We show that the timing of such a vaccination 

campaign relative to the stage of the epidemic is crucial for its eff ectiveness.

Chapter 5 focuses on the ecology and evolution of infl uenza. We try to fi nd an explana-

tion for the observation that evolutionary change in infl uenza sometimes shows stepwise 

dynamics (so called antigenic cluster replacement). In a model we explore the eff ects of 

short lasting cross-immunity and long lasting specifi c immunity on infl uenza evolution-

ary dynamics. We also show that the decrease in the rate of evolution of infl uenza H3N2 
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over the period 1977-1992 could have resulted from competition with the reintroduced 

infl uenza H1N1 strain. Th e results and conclusions of these chapters will be summarized 

in chapter 6.
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Nonspatial theory on pathogen evolution generally predicts selection for 

maximal number of secondary infections, constrained only by supposed 

physiological trade-off s between pathogen infectiousness and virulence. 

Spread of diseases in human populations can, however, exhibit large scale 

patterns, underlining the need for spatially explicit approaches to patho-

gen evolution. Here, we show, in a spatial model where all pathogen traits 

are allowed to evolve independently, that evolutionary trajectories follow 

a single relationship between transmission and clearance. Th is tradeoff  

relation is an emergent system property, as opposed to being a property 

of pathogen physiology, and maximizes outbreak frequency instead of 

the number of secondary infections. We conclude that spatial pattern for-

mation in contact networks can act to link infectiousness and clearance 

during pathogen evolution in the absence of any physiological trade-off . 

Selection for outbreak frequency off ers an explanation for the evolution of 

pathogens that cause mild but frequent infections.

evolution | pathogen | spatial model | spatial patterns

Current theory on pathogen evolution places much emphasis on physiological (or life-

history) trade-off s that relate virulence, infectiousness, mode of transmission, and im-

mune clearance (e.g. Bull 1994, van Baalen & Sabelis 1995, Frank 1996, Boots & Sasaki 

1999, Gandon et al. 2001, Boots et al. 2004). Th ese trade-off s, motivated by a supposed 

functional link between two (or more) traits, specify that evolutionary improvements in 

one trait are necessarily accompanied by a decline in another (Fenner & Ratcliff e 1965, 
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Messenger et al 1999). One of the most commonly made trade-off  assumptions is that 

increased production of transmission stages causes increased host mortality and thereby 

shortens the infection period (Lipsitch & Moxon 1997). Where traits can evolve inde-

pendently, nonspatial theory typically predicts selection for maximal transmissibility and 

infection period, thus maximizing the number of secondary infections (i.e., the number 

of new infections an infected host causes). It is commonly held, however, that the benefi ts 

of increased transmission and the associated penalties of virulence and shorter infection 

are balanced so that the number of secondary infections is maximized at intermediate 

transmissibility and virulence (Frank 1996). In simple nonspatial models, this evolu-

tionary maximization corresponds to selection for maximal basic reproductive ratio R0 

(Bremermann & Th ieme 1989), i.e., the expected number of secondary infections in an 

unexposed population [but note that this result depends on absence of multiple infec-

tions (van Baalen & Sabelis 1995) and vertical transmission (Ewald 1994, Lipsitch et al 

1996)]. Th e current popularity of tradeoff s in studies of pathogen evolution stems from the 

fact that they provide a possible explanation for selection for intermediate virulence and 

transmissibility (Fenner & Ratcliff e 1965), and that they can be used to predict pathogen 

evolution in response to human interventions such as the use of imperfect vaccines (Gan-

don et al. 2001) or improved hygiene (Ewald 2002). However, the exact shape (and even 

existence) of trade-off s is unknown for many diseases (Ebert & Bull 2003).

A growing body of work reports on the role of spatial pattern formation on evolu-

tionary processes (Boerlijst & Hogeweg 1991, Boerlijst et al. 1993, Claessen & de Roos 

1995, Rand et al. 1995, Boots & Sasaki 1999, Haraguchi & Sasaki 2000, Boots & Sasaki 

2000, Johnson & Boerlijst 2002, Boots et al. 2004). Recent studies have shown large-scale 

spatiotemporal patterns in measles (Grenfell et al. 2001) and dengue fever (Cummings et 

al. 2004). Existing theoretical work on pathogen evolution and spatial pattern formation 

has focused on a model in which local colonization of “empty spaces” by susceptible hosts 

plays a central role (Rand et al. 1995, Boots & Sasaki 1999, Haraguchi & Sasaki 2000, Boots 

& Sasaki 2000, Boots et al. 2004). Pathogen lethality in this model leads to host patchiness, 

and too aggressive pathogens will die out because they cause local extinction of hosts 

(Rand et al. 1995). In this manner, spatial processes can lead to limitations in the evolution 

of transmissibility, but the evolutionary attractor is close to host extinction. Furthermore, 

local clustering of infections (so-called self-shading) reduces the eff ective infection rate 

(Haraguchi & Sasaki 2000). Th is eff ect of spatial patterns makes trade-off  optimization in 

spatial populations less straightforward than in their nonspatial counterparts. Although 

theoretically appealing, the patchiness that dominates this model depends heavily on lo-

cal birth of hosts into empty spaces, which does not seem representative for, e.g., human 

populations. Moreover, for the persistence mechanism proposed by this model to work, 

the infection process and host reproduction must operate on similar timescales. Th is im-

plicit assumption does not hold for a large number of pathogen–host systems. Our aim is 
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to examine how spatial selection processes determine pathogen evolution in the absence 

of the dominant role of virulence, host demographics, and physiological trade-off s.

Methods

We developed a spatial susceptible-infected-resistant (SIRS) model for disease dynamics 

(Anderson & May 1991), using a grid-structured contact network (Durret 1995, Johansen 

1996). In the model (see Fig. 1), hosts can be susceptible (S), infected (I), or resistant 

(R). Infected hosts can infect adjacent susceptible hosts at infection rate β. Th e infection 

neighborhood consists of eight direct neighbors in a square lattice. Infection lasts for a 

fi xed infection period τI, aft er which the host becomes resistant. Resistant hosts return to 

susceptibility aft er a fi xed duration τR (scaled to unity).

Every time-step Δt, cells change state according to the following rules, which are il-

lustrated in the corresponding panels of Fig. 1:

A. A susceptible cell can be infected by infected cells from its eight-cell neighborhood. 

Th e probability pinf of infection is calculated from the infection rate β as pinf = 1 − eiβΔt, 

where i is the number of infected neighbors.

B. Infected cells remain infected for a fi xed time period τI and then become resistant.

C. Resistant cells remain so for a fi xed time period τR. Aft er that, the cells become sus-

ceptible again.

Fig. 1 Representation of processes in the contact network model. (A) Infection. Infected hosts (I) can infect 

susceptible (S) neighbors with infection rate β. Th e total probability of infection is 1 − eiβΔt, where i is the 

number of infected neighbors. (B) Acquisition of resistance. Hosts are infectious for a fi xed period τI, aft er 

which they become resistant (R). (C) Loss of resistance. Aft er a fi xed period τR, resistant hosts once again 

become susceptible.
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Th e general nature of these transition rules allows network nodes to represent individual 

hosts, but also, e.g., communities or schools. For simplicity, we will refer to the nodes as 

individual hosts.

Infection rate (β), infection period (τI), and resistant period (τR) are all expressed rela-

tive to the unit in which time is measured. We scale the length of the resistant period to 

unity and study the system in terms of infection rate and infection period. Th e length of 

a cellular automata update time-step Δt was reduced until the system behavior converges, 

eff ectively simulating a continuous time process (we use Δt = 0.01 in results presented; 

results are insensitive to asynchronous updating). 

We assign a “genotype” to every infected cell, specifying the infection rate and infection 

period of the infecting pathogen. Newly infected cells inherit the genotype of the pathogen 

that infected them. Infected cells can change genotype in small fi xed steps (±Δβ, ±ΔτI) at 

mutation rate μ = 0.01. Alternative mutation rules, such as a mutation only upon infection, 

or proportional instead of fi xed mutation steps, do not qualitatively change our results. 

For simplicity, we assumed that the length of the resistant period cannot evolve. Th e dura-

tion of resistance, however, may be partially under evolutionary control of the pathogen 

in some cases (e.g., through antigenic change). Preliminary results indicate that, if the 

resistant period can evolve, it tends to decrease to minimal values. Grid size used in the 

evolutionary simulations is 120 × 120 cells. Larger grid sizes do not change the evolution-

ary dynamics.

Results

Spatial Patterns Th e model reveals a variety of self-organized patterns for diff erent 

combinations of infection rate and infection period (Fig. 2 and Movies 1–4, which are 

published as supporting information on the PNAS web site). When the number of second-

ary infections is low, the spatial dynamics are characterized by small localized clusters of 

infection that propagate through a matrix of susceptible hosts (Fig. 2A). As these infection 

clusters grow, the availability of susceptible hosts per infected host is reduced, decreasing 

the number of new infections (Keeling 1999, Haraguchi & Sasaki 2000). For high infection 

rate and/or long infection period, the spatial dynamics show regularly reoccurring infec-

tion waves, consisting of spiral waves or circular waves (Fig. 2D). In between localized 

clusters and regular waves, a region of turbulent waves exists (Fig. 2 B and C) (Tyson & 

Keener 1988). Here, infection waves commonly break into fragments. Th e break points 

function as new sources from which waves originate.

Evolutionary Dynamics Subsequently, the infection period and infection rate were al-

lowed to evolve independently. Remarkably, instead of evolving toward maximal infection 
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period and infection rate (thus maximizing R0), all evolutionary trajectories are quickly 

drawn to a hyperbolic relationship between infection rate and infection period (at ap-

proximately R0 = 6.6), and slowly track this line toward maximal infection rate (Fig. 3A; 

see Fig. 4 for evolutionary dynamics). Notably, if such an evolving pathogen population 

would be observed, it would seem as if there existed a trade-off  between infection period 

and infection rate. Yet, unlike the classical trade-off s, this relationship is not defi ned be-

forehand, but emerges from the evolutionary dynamics of the system. We will refer to this 

relationship as an “emergent trade-off ”, as opposed to the classical trade-off s, which are 

explicitly specifi ed based on assumed physiological limitations.

We tested the robustness of our results against low frequencies of long-distance trans-

mission. We implement “global mixing” rules similar to Boots and Sasaki (3). In this 

implementation, a host has a small probability of interacting with a random host in the 

population instead of with a neighbor. Results for global mixing up to 2% of all contacts 

Fig. 2 Spatial patterns in the contact network for various combinations of infection rate β and infection 

period τI. Colors represent the following: gray, susceptible; red, infected; blue, resistant. (A) Localized 

disease outbreaks are self-limiting in size for τI = 1.0 and β = 0.3. (B) Turbulent waves for τI = 0.5 and β = 1. 

Here, infection waves are narrow, and occasionally waves break and new wave centers are formed. (C) 

Th e transition between turbulent and regular waves, τI = 0.3 and β = 2.75 (R0 = 6.6), to which evolutionary 

trajectories are drawn. (D) Stable spiral waves for τI = 0.7 and β = 4.2. Th ese waves are broad and do not 

easily break, resulting in periodically reoccurring infection waves. Grid size for all panels is 75 × 75. In all 

results presented, τR was set to unity. See appendix for colour image.
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are very similar to the results presented. Evolutionary trajectories closely follow an inverse 

relationship between infection rate and infection period that is (depending on the level of 

global mixing) slightly above R0 = 6.6. Using 100% global mixing, results in a mean-fi eld 

approximation of our model. Under such mean-fi eld conditions, the system can display 

oscillations in the number of infected hosts. Th ese oscillations increase in amplitude and 

period with increasing infection rate and infection period, similar to the spatial model. 

However, these oscillations are very slow compared with local outbreak waves in the spa-

tial model, because they cannot benefi t from spatial spread of pathogens. In fact, large 

meanfi eld oscillations will lead to (stochastic) extinction of the pathogen for larger values 

of infection rate and infection period.

Fig. 3 Evolutionary trajectories follow paths of increasing outbreak frequency. (A) Evolutionary trajectories 

of evolution of infection rate and infection period. Circles represent the initial pathogen traits for nine 

simulations. Th e trajectories represent the change in the mean infectiousness and infection period. Muta-

tion rate is set at μ = 0.01, mutation stepsize is, ±Δβ = 0.01 and ±ΔτI = 0.01. Maximum infection rate was set 

at β = 4. Regardless of initial conditions, evolution proceeds to and along an emergent trade-off  relationship 

between infection rate and infection period. Th is trade-off  can be described by R0 = 8βτI = 6.6 (gray curve). 

(B) Outbreak frequency was measured by the average frequency at which hosts are infected. Outbreak fre-

quency increases from blue to green, yellow, orange, and red. Th e emergent trade-off  (gray curve represents 

R0 = 6.6) corresponds to a ridge of high outbreak frequency. In the white area, for R0 of approximately < 1.6, 

simulations lead to pathogen extinction. Th is raised existence threshold (in the nonspatial model, the 

threshold is R0 = 1) is caused by local self-shading of infected hosts (Levin & Durrett 1996). Results shown 

are for a 120 × 120 grid. See appendix for colour image.
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“A Tale of Two Cities” Th e emergent trade-off  corresponds roughly to the transition re-

gion between turbulent waves and regular waves (Fig. 2C). Apparently, in the regular wave 

domain, selection is for decreased infection period, i.e., for decreased R0. Th is behavior can 

be explained by selection for outbreak frequency, as all evolutionary trajectories in Fig. 3A 

closely follow paths of increasing frequency (Fig. 3B). Th e emergent trade-off  corresponds 

to an attracting ridge in the frequency landscape. Selection for outbreak frequency has 

previously been described in excitable media (Zaikin & Zhabotinsky 1970) and parasi-

toid-host models (Boerlijst et al. 1993). To demonstrate the mechanism, we performed 

an experiment in which two “cities” emit infection waves into the surrounding area at 

diff erent frequency (Fig. 5A).

Both cities harbor the same pathogen genotype so that frequency is singled out as the 

only variable. Th e point where waves collide shift s in favor of the city with higher outbreak 

frequency (Fig. 5B), with a speed determined by the diff erence between the two frequen-

cies (Fig. 5C) (Zaikin & Zhabotinsky 1970). It is exactly this mechanism of expansion of 

more frequent waves that causes the selection for decreased infection period in Fig. 3A.

Explicit Trade-Off s Selection for outbreak frequency alone cannot explain a limitation in 

the evolution of infectiousness and the ensuing shortening of the infection period. Th is 

limitation could be set by physiological constraints or explicit trade-off s between infec-

tiousness and virulence. We confi ned evolution to various curves representing such physi-

ological trade-off s to see how this confi nement aff ects evolution in our system. It turns out 

Fig. 4 Evolutionary dynamics. Th e evolutionary trajectory (black line) represents the change in the 

population’s mean infection rate and infection period over time (same as Fig. 3). Point clouds represent all 

pathogen types present in the 120 × 120 grid at one time. Th e point clouds are plotted every 5,000 time units 

to give an indication of the temporal dynamics of the evolutionary process. During evolution, pathogen 

diversity is low; typically only two and three step mutants are present. Relaxation to the R0 = 6.6 emergent 

trade-off  line (gray line) is relatively fast, whereas progression along the line is much slower. Th is result 

occurs because, along the trade-off , traveling waves are relatively stable, slowing down the spread of new 

genetic information through the system. See appendix for colour image.
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that, also on an explicit linear trade-off  curve, selection is for maximal outbreak frequency 

(Fig. 6A). Interestingly, also in case of a positive linear relation between infection rate 

and infection period (Fig. 6B), selection for maximal frequency leads to an evolutionary 

attractor with intermediate infection rate and period. Nonspatial theory would predict 

runaway selection (i.e., maximal infection rate and infection period) in such a “trade-on” 

situation. Other, nonlinear couplings between infection rate and infection period can even 

lead to alternative evolutionary attractors (Fig. 6C), caused by the existence of two local 

Fig. 5 An illustration of the mechanism of selection for outbreak frequency. (A) Two “cities”, numbered 1 

and 2, emit infection waves at frequency f1 = 0.625 and f2 = 0.5, respectively. In contrast to our full spatial 

model, where outbreak frequency is a result of spatial pattern formation and depends on infection rate and 

infection period, these defi ned “city areas” simply periodically infect all hosts directly surrounding them. Th e 

cities diff er only in outbreak frequency and have identical pathogen genotypes, with infection rate β = 3 and 

infection period τI = 0.3. Colors are gray for susceptible hosts, red and blue for infected and resistant hosts 

from city 1, and magenta and cyan for infected and resistant hosts from city 2 (t = 7). (B) At t = 75, the waves 

from city 1, with the higher outbreak frequency, have completely taken over the area between the two cities. 

Th e takeover process can be visualized by plotting a horizontal cross section through both cities against time 

(C). Th e observed displacement speed can be accurately quantifi ed by v(f2 − 1 − f1 − 1)/(f2 − 1 + f1 − 1) (dashed 

line), where v is the speed of the infection waves (Zaikin & Zhabotinsky 1970). Grid size is 120 × 400 cells. 

See appendix for colour image.

Marijn BW.indd   22Marijn BW.indd   22 03-10-2006   17:22:4703-10-2006   17:22:47



Trade-off s and outbreak frequency in spatial epidemics

23

frequency optima. Which evolutionary attractor is reached depends on initial conditions, 

where the frequency minimum separates the two basins of attraction. Th e evolutionary 

attractors are all close to the emergent trade-off , as the intersection of an explicit trade-off  

curve with the ridge in the frequency landscape oft en creates a local frequency optimum.

Fig. 6 Evolutionary optimization along explicit trade-off s. Red lines represent trade-off s, i.e., combinations 

of infection rate and infection period to which evolution is constrained. Green stars indicate maximal num-

ber of secondary infections (i.e., maximal R0). Black dots indicate the endpoint of evolutionary simulations. 

Outbreak frequency is indicated by the gray shaded area. Th e emergent trade-off  at R0 = 6.6 is shown by a 

blue dashed line. (A) Evolution along a linear trade-off  between infection rate and infection period leads to 

evolutionary optimization close to maximum outbreak frequency. (B) Selection for outbreak frequency can 

limit evolution for increased infection rate and infection period, even when these traits are positively corre-

lated. (C) Nonlinear trade-off  curves that result in multiple local frequency optima give rise to alternatively 

stable evolutionary attractors. Results shown are for a 120 × 120 grid. See appendix for colour image.
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Discussion

We conclude that spatial patterns with or without physiological trade-off s can induce 

selection for short lasting infections. Short infections can, e.g., be accomplished by easy 

immune clearance. Selection for outbreak frequency could thus be relevant to the evolu-

tion of parasites that cause relatively mild but frequent infections. Results presented here 

are remarkably robust for changes in network topology, e.g., using a hexagonal grid or a 

24 (5 × 5) cell neighborhood still leads to the emergent trade-off  around R0 = 6.6. Th e value 

of R0 = 6.6 is, however, not a universal constant. For example, stochasticity in the infection 

period does lead to an emergent trade-off , but at higher values of R0, corresponding to 

a change in the frequency landscape (see Fig. 7). Our current model is homogeneous, 

but infection waves also have been demonstrated to exist in nonhomogeneous real-world 

Fig. 7 Evolutionary trajectories for a stochastic infection period. (A) Evolutionary trajectories, representing 

the change in mean infection rate and infection period, resulting from using a lognormally distributed 

(stochastic) infection period. Vertical axis represents the lognormal distribution mean; standard deviation 

was set at 0.1. Evolution again proceeds to and along a hyperbolic trade-off  relationship between infection 

rate and infection period, but this time the emergent trade-off  is located at R0 = 7.6 (black curve). Th e gray 

curve indicates R0 = 6.6 for comparison. (B) Th e shift  in the emergent trade-off  corresponds to changes in 

the frequency landscape. Th e emergent trade-off  can be shift ed even further by increasing the standard 

deviation of the lognormal distribution. Parameters and colors are as in Fig. 3; results shown are for a 

120 × 120 grid. See appendix for colour image.
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situations (Grenfell et al. 2001, Cummings et al. 2004). In fact, large cities (harboring in-

fections endemically) could act as a source of infection waves. However, many diseases are 

seasonal, and therefore an important question for further studies is how seasonality can 

infl uence spatial pathogen evolution. Wave-like patterns are also observed in many eco-

logical systems, such as predator–prey dynamics (Sherratt 2001), and our results, showing 

how spatial pattern formation can link survival to reproduction and dispersal, might have 

importance for evolutionary dynamics in these systems as well.
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An increasing number of model studies have demonstrated that spatial 

pattern formation can have important consequences for the evolution of 

pathogens. Optimal pathogen characteristics for transmissibility, viru-

lence and infection period can be aff ected by local spatial patterns, such 

as epidemic waves. Furthermore, spatial patterns can induce bistability, 

where the evolutionary attractor depends on the initial conditions. Here, 

we demonstrate in a spatial epidemic model that spatial patterns can also 

cause evolutionary cycling in the length of the infection period. Th e neces-

sary reversal of the selection pressure is triggered by a change of the spatial 

patterns from stable waves to turbulence. Interestingly, the turbulent pat-

terns are transient, and they only occur at the interface region between 

pathogens with large enough diff erences in infection period. We conclude 

that spatial pattern formation can give rise to remarkable complexity in 

pathogen evolution

In recent years, the evolution of pathogens has received considerable attention in the scien-

tifi c literature. Much theoretical work focuses on the way in which natural selection shapes 

the transmissibility, deadliness and infectious period of infectious diseases (e.g. Gandon et 

al. 2001ab, Gandon 1998, Frank 1996, May & Nowak 1995, van Baalen & Sabelis 1995, Bull 

1994, Nowak & May 1994, Frank 1992). Natural selection is commonly expected to favour 

pathogens that cause the largest number of new infections during infection of a host. Th is 

suggests evolution will lead toward increasing transmissibility, decreasing deadliness, and 

a longer lasting infectious period. One of the classical constraints that have been proposed 

to explain why pathogens do not become ever more benign is the so-called trade-off  hy-

pothesis (Weiss 2002, Stearns 1999, Levin 1996). Th is hypothesis poses that an increase in 
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transmissibility comes at the cost of increased deadliness. In simple models, transmission 

and deadliness are balanced to maximize the basic reproduction ratio R0 (Bremermann 

& Th ieme 1989), which is the expected number of new cases a single infected host would 

cause in an otherwise uninfected population (Diekman & Heesterbeek 2000). More com-

plex models that, for instance, include vertical transmission (Lipsitch et al. 1996, Lipsitch 

et al. 1995), super infection (van Baalen & Sabelis 1995), or nonlinear relations between 

transmission and disease prevalence (Dieckmann et al. 2002) can lead to less straightfor-

ward evolutionary attractors because the pathogen that performs best in an uninfected 

population is not necessarily the best spreader in an infected population.

An increasing number of studies show that in spatial models, evolutionary dynamics 

of infectious disease change with respect to global mixing assumptions (e.g. Claessen & 

de Roos 1995). Following Rand et al. (1995), a number of authors have analyzed a spatial 

pathogen-host model in which a host population with local reproduction is infected by a le-

thal pathogen that is transmitted through direct local contact (Boots et al. 2004, Haraguchi 

& Sasaki 2000, Boots & Sasaki 2000). In this model, local extinction of host populations 

caused by the pathogen is balanced by re-colonization of empty space by reproduction 

of uninfected hosts. In these models, evolution towards increased transmissibility is lim-

ited, because pathogens that are too infectious exhaust their local host population before 

enough new hosts are born for the pathogen to persist. Th is evolutionary limitation on 

infectiousness is robust against including a small amount of long-range contacts, although 

long-range contacts will aff ect the evolutionary optimal transmission rate and virulence 

(Boots & Sasaki 1999).

Interestingly, spatial pattern formation can also provide an alternative to the trade-off  

hypothesis. We examined a spatial epidemic model in which infection of hosts leads to 

waning immunity instead of host death (van Ballegooijen & Boerlijst 2004), and we found 

that, aft er the system self-organizes into travelling waves of infection, natural selection is 

directed toward increasing outbreak frequency. Outbreak frequency is optimal for infec-

tions of relatively short duration so that pathogens are prevented from evolving to longer 

lasting infections. Th e mechanistic explanation for competition for frequency between 

waves is that, when two infection waves collide, this typically is followed by local extinc-

tion of the pathogens. Subsequently, the pathogen with the higher outbreak frequency will 

be the fi rst to reinvade the hosts in that location. Wave frequency was also shown to play a 

crucial role in spatial competition in chemical reactions (Zaikin & Zhabotinsky 1970), au-

tocatalytic hypercycles (Boerlijst & Hogeweg 1991ab) and parasitoid-host systems (Savill 

et al. 1997, Boerlijst et al. 1993).

Our previous analysis (van Ballegooijen & Boerlijst 2004) adopted a standard evolu-

tionary approach in that ecological dynamics where operating on a much faster times-

cale than mutation and evolution (so called mutation limited evolution, Dieckmann et al. 

2002). However, for many pathogens, in particular viruses and bacteria, this assumption 
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need not be true, as even within a single host the pathogen can accumulate many mutants 

as a by-product of the large mutation rate, large numbers, and short generation time. In 

this paper we will investigate the eff ects of increasing mutation rate in our spatial disease 

model. It will turn out that co-occurrence of pathogens with a large enough diff erence in 

infection period can trigger a novel type of spatial patterns, which can temporarily reverse 

the selection pressure in the system. As a result, the model exhibits so-called evolutionary 

cycling in the length of the infection period. 

The model

We base our spatial epidemic model on a square lattice in which every lattice cell represents 

an individual host. Th ese hosts can be either susceptible to infection (S), infected (I) or 

resistant to infection (R). Infection depends on direct contact between hosts; susceptible 

hosts can become infected by infected hosts that are in their direct 8-cell neighbourhood 

at rate βi, where i is the number of infected hosts in the neighbourhood and β is the trans-

mission rate. Th e infection lasts a fi xed period of time specifi ed by τI. Aft er this infection 

period, hosts recover from infection and become resistant to re-infection for a fi xed dura-

tion of time, representing a period of waning sterilizing immunity. For simplicity, we set 

the duration of immunity to 1 by scaling the units of time to the length of the immune 

period. Aft er losing immunity, hosts become susceptible again. In this SIRS-type model 

(Diekman & Heesterbeek 2000), hosts do not evolve and we ignore host demography in 

order to concentrate on the spatial spread and evolution of the pathogen.

In this paper, we focus on the evolution of the infection period τI. In biological sys-

tems, the infection period will be determined by properties of both host and pathogen. 

For simplicity, we model the infection period as a trait of the pathogen only, implicitly 

assuming that all hosts respond in the same way to the same pathogen. Furthermore, we 

assume full cross-immunity, that is our immunity works equally well against all pathogen 

types. We give a genotype to every infecting pathogen, which determines the infection 

period τI of the infected host. 

Infection of a new host typically represents a severe population bottleneck for the 

pathogen, and therefore this is a likely point for new mutations to become fi xed. We model 

pathogen evolution by assigning a mutation probability μ to every infection event. We 

assume for simplicity that mutations have an equal chance of leading to an increase or a 

decrease in the infection period. In the results presented here, we use only mutations of 

a fi xed size that increase or decrease the infection period by 0.05 time units, and we set a 

maximum duration of infection period at τI = 1. We also checked multiplicative eff ects of 

mutations, mutations of varying eff ect, and mutations during the infectious period, and 

this does not qualitatively change our results. 
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We approximate continuous time by updating the model in small timesteps Δt, we 

use Δt = 0.01 in the results presented here. For computational effi  ciency, cells interact only 

with a single randomly chosen neighbour every update; when a susceptible cell interacts 

with an infected neighbour the infection probability is pinf = 1 − e8βΔt.

0 1Infection period

b

a

Fig. 1 Snapshots of the spatial pattern for diff erent mutation probabilities μ. Dark blue represents immune 

hosts, black represents susceptible hosts. Th e colour gradient ranging from green through yellow to red 

indicates the length of the infection period of infected hosts. (a) For small mutation probability (μ = 0.005) 

the spatial pattern is characterized by spiral shaped travelling waves of short infections . (b) For high muta-

tion probability (μ = 0.05) the lattice shows a mosaic of two types of spatial pattern. Some areas show spiral 

shaped travelling waves with a range of infection periods, whereas other areas have a fi ne grained turbulent 

pattern with long infections. Transmission rate was set at β = 4, lattice size is 200 × 200. See appendix for 

colour image.
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Results

Th e spatial and evolutionary dynamics of this system depend critically on the mutation 

probability that we use. When we simulate the model using a low mutation probability 

(μ = 0.005), the system self-organizes into so-called spiral waves of short lasting infection 

(Fig. 1a), which we have described previously (van Ballegooijen & Boerlijst 2004). In this 

earlier work, we have shown that in such a system, selection favours waves with higher 

outbreak frequency. Using a high mutation probability (μ = 0.05) the pattern becomes 

markedly diff erent (Fig. 1b). A large area of space is characterized by travelling waves of 

pathogens with a whole range of infection periods (Fig. 1b, notice waves ranging in colour 

from green through yellow and orange to red). In contrast, some locations show a fi ne 

a

b

Fig. 2 Emergence and decay of turbulent interface patterns. Th e fi gure shows two snapshots of a 60 × 60 

lattice taken with an interval of 50 time units. At the interface of spiral waves with long and short infections 

a fi ne-grained turbulent interface pattern can emerge. Within this interface pattern, pathogens that cause 

long infections have a competitive advantage. Th e transient pattern can expand at the sides, where the 

diff erence between pathogen genotypes at the interface is large. In the centre, in the absence of diff erences 

in infection period, the turbulence resettles into a spiral wave pattern. Here, selection leads to shorter 

infection periods. See appendix for colour image.
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grained, turbulent pattern that is characterized by long infections (red areas in Fig. 1b). 

Th is turbulent pattern seems to expand through space, but at a much slower rate than the 

travelling waves (Fig. 2). Pathogen genotypes that substantially diff er in the duration of 

the infection period by many mutations can exist close to each other in space (i.e. green 

bordering on red in Fig. 1b).

On the scale of the entire lattice (200 × 200 cells in Fig. 1), a diverse spectrum of infec-

tion periods is continuously present in these high-mutation-probability simulations. But 

locally, in a smaller window of observation, we observe a cyclic transition between patho-

gens of long and short infection periods (Fig. 3). In this cycle, the increases in infection 

period are very rapid. Such sudden local increases in infection period happen when the 

fi ne-grained pattern of long infections moves into the window of observation. Th is local 

invasion of pathogens that cause long infections is then followed by a more gradual change 

toward shorter infection. Th is evolutionary cycling behaviour is absent when the mutation 

probability is low and in that case the spatial dynamics shows only travelling waves.

Th e new fi ne grained pattern emerges when colliding wave-trains have such a large 

diff erence in period that at the collision interface the high frequency wave runs into some 

remaining immunity from the previous low frequency wave. In contrast, when two waves 

of similar infection periods collide, all hosts are susceptible again when the next wave 

arrives. We will call the turbulent spatial pattern an interface pattern, because it emerges 
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Fig. 3 Cyclic evolution of the length of the infection period. We measured the change in the mean infection 

period in a 20 × 20 subplot of a larger lattice. Th e black line represents the time series for a high muta-

tion probability (μ = 0.05) and shows four consecutive evolutionary cycles in which the mean duration of 

infection increases rapidly and then shows a more gradual decrease. A time series for a small mutation 

probability (grey line represents μ = 0.005) does not show this cycle.
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only at the collision interface between two areas of suffi  ciently diff erent infection period. 

Th e interface pattern is a transient pattern. It persists for several dozen pathogen genera-

tions, but eventually the pattern self-organizes into spiral waves again (Fig. 2). 

Th e evolutionary cycling we observe revolves around the transitions between spiral 

wave and turbulent spatial patterns (schematically depicted in Fig. 4). In areas with a spi-

ral wave pattern, competition for outbreak frequency leads to selection for shorter infec-

tions. Within the turbulent interface pattern, however, selection for outbreak frequency 

is temporarily relieved and longer infections have a competitive advantage. Within the 

turbulence, we observe evolution to infection periods that are even longer than that of 

the pathogens that originally caused the turbulent pattern. Aft er the infection period hits 

the upper limit the turbulent pattern disappears and the direction of selection reverses. 

Th e resulting spatial and evolutionary dynamics show sustained local oscillations in the 

infection period. On a larger lattice scale, the evolutionary cycling is refl ected by areas of 

turbulent interface patterns with long infection period that expand into regions of spiral 

waves with shorter infection period. Aft er taking over, the turbulent regions subsequently 

reorganize back into spiral waves with long infection period. Th ese spiral wave regions 

slowly decrease in infection period, until new turbulence develops which completes the 

cycle (see Fig. 4).

Th e limitation to the infection period we impose (at τI = 1) is rather arbitrary. Chang-

ing this value slightly does not substantially aff ect our results. If no maximum is imposed, 

turbulent pattern

wave pattern

long infection

infectionlongshort infection

invasion

self−organization

evolution

Fig. 4 Schematic diagram of the cyclic evolution for the length of the infection period. In a spatial pattern 

of travelling waves selection leads to shorter lasting infections. Short infection patterns can be invaded by 

pathogens that cause long infections. Such pathogens can arise either from de novo mutations or invade 

from nearby locations. Th is invasion leads to development of turbulent transient patterns at the competi-

tion interface. While this turbulent pattern lasts, selection is towards longer lasting infections. Over time, 

the interface pattern reorganizes into travelling waves, restoring selection for shorter infections. 
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however, selection for long infections in the turbulent pattern leads to unbounded evolu-

tion. In this case, the turbulent pattern does not revert to spiral waves again and we ob-

serve no evolutionary cycling. So, the cyclic evolutionary dynamics depend on an external 

(physiological) limit to the evolutionary increase of the infection period. Interestingly, 

such a limit could be provided by an evolutionary trade-off  between the infection period 

and the transmission rate. We were able to observe cyclic evolutionary dynamics in simu-

lations where mutations that increased the infection period simultaneously decreased the 

transmission rate and vice versa. Under such trade-off  conditions, selection for increased 

transmission rate in the turbulent pattern can provide a limit to further increases in the 

infection period.

In Fig. 5a we have made a bifurcation diagram were we plot the observed infection pe-

riods as a function of increasing mutation probability. In these simulations we increased 

the mutation probability in small steps and measured the infection period of circulating 

pathogens aft er a transient period. It turns out that as the mutation probability increases, 

there is a sharp transition where the systems attractor switches from a fi xed infection pe-

riod distribution to (local) cyclic dynamics, which results in a large range of observed 

infection periods (at μ ≈ 0.014 in Fig. 5a). We note that the mutation rate at which this 

switch occurs depends e.g. on the size of mutation steps, the length of transient period, 

and the lattice size. Furthermore, if we start at high mutation probability, with evolution-

ary cycling dynamics, and slowly decrease the mutation rate, as shown in Fig. 5b, we can 

observe evolutionary cycling for mutation rates that are much smaller than the value of 

μ ≈ 0.014 we obtained in Fig. 5a, where we slowly increased the mutation rate. In the setup 

of Fig. 5a, the mutation rate had to be high enough to create mutants with large enough 

diff erence in infection period to generate the turbulent interface pattern. If we already 

have the evolutionary cycling dynamics, then the a-synchronicity in diff erent locations 

of the fi eld can provide the diff erences in infection period that are needed to create and 

sustain the turbulence. In the case where the evolutionary cycling is already present, the 

mutation probability sets the timescale for the decrease in infection period, and this has to 

be fast enough to make sure some pathogens with long infection period are still present to 

reinforce the turbulence. As a consequence, the transition between the stable evolutionary 

attractor and the evolutionary cycling displays hysteresis and an associated bi-stability re-

gion, meaning that for mutation probabilities between approximately 0.006 < μ < 0.014 the 

system can stabilize (at least temporarily) in alternative evolutionary attractors, depend-

ing on initial conditions. Th e stochastic nature of the system does allow for occasional 

switches between states in this parameter region (not shown in Fig. 5). If simulations are 

continued long enough with these parameter values, the system can be observed to change 

occasionally between the two attractor states. Interestingly, one of the alternative attrac-

tors in this case is a limit cycle, whereas the other is a fi xed-point evolutionary attractor. 
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Summarising, in our system the mutation probability functions to either de novo create 

mutants with large enough diff erence in infection period to onset the turbulence, or it 

functions to overlap the evolutionary and ecological timescales so that pathogens with 

large enough diff erences in infection period are simultaneously present in the fi eld, and 

come into local contact with each other, creating new regions of turbulence. 

Discussion

In the spatial SIR system we present here, the interplay between ecology and evolution 

leads to a dynamic mosaic of two diff erent spatial patterns that induce opposite directions 

of selection. On a local scale, we observe a cyclic change in the length of the infection 
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Fig. 5 Bifurcation diagram with the distribution of pathogen infection periods as a function of the mutation 

probability. Colour intensity stands for the long term average density of a particular infection period found 

in simulations with a specifi c mutation probability. (a) Mutation probability is started at μ = 0.002 and 

increased by 0.002 aft er each 400 time units. (b) Mutation probability is started at μ = 0.03 and decreased by 

0.002 aft er each 400 time units. For each mutation probability, the average distribution of infection periods 

was measured between 200 and 400 time units. Transmission rate was set at β = 4, lattice size is 200 × 200.  

See appendix for colour image. 
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period that is induced by switches between spiral wave and turbulent spatial patterns. Th is 

cyclic evolutionary change in the infection period stands at odds with the search image 

of defi ning and fi nding optimal pathogen traits that has a central role in e.g. the current 

virulence literature. We show that the optimum might be dependent on the current popu-

lation confi guration and even on the current spatial patterns. Consequently, the optimum 

can depend on initial conditions, or there might even be no single optimal pathogen trait 

as we have shown in this paper.

In non-spatial models for pathogen evolution, analysis is commonly centred on 

maximizing the number of new infections that a single infected individual can make. Th e 

infected host is then considered to be the ‘unit of selection’ (Lewontin 1970). In spatial 

systems, there can be natural selection for properties expressed by groups of infected hosts 

(Johnson & Boerlijst 2002), such as outbreak frequency or size of host patches. Th e way in 

which pathogens infl uence their local environment has consequences for their reproduc-

tive output and for competition. Th e success of a mutant invader depends not only on the 

growth rate of a single mutant in a resident population, but also on whether a small cluster 

of mutants can successfully compete against a majority of residents (van Baalen and Rand 

1998). Th e growth properties of a mutant cluster of infections can substantially diff er from 

infection properties of single mutant (Keeling 1999). Here, we have shown that at the 

interface of mutant and resident new patterns can arise, which can dominate the outcome 

of the competition.

In 2D spatially explicit simulations spatial structures can be observed that seem to 

have a demography of their own, making that these spatial structures can act as a potential 

‘unit of selection’ (Boerlijst & Hogeweg 1991b). Th is class of spatial structures includes the 

spiral waves that we describe in this paper, but also replicating spots (Boerlijst 2000) and 

patches of pathogens and hosts in an empty matrix (Rand et al. 1995) can act as coherent 

structures. Th ese spatial structures can replicate and ‘die’, similar to individuals, but their 

demographic properties depend on the ensemble of individuals that constitute them. Th e 

evolutionary importance of a particular unit of selection depends on the (physical) integ-

rity of the unit. Destruction of the spiral waves in our system through competition with 

turbulence shift s selection from a ‘group’ property, (i.c. maximizing outbreak frequency), 

back to individual properties (i.c. maximizing duration of the infectious period). 

Cyclic evolution has been described before in non-spatial systems (e.g. Dieckmann et al. 

1995, van der Laan & Hogeweg 1995). Cyclic evolution can for instance result from co-

evolution between two (or more) species, or co-evolution between two (or more) traits of 

a single species. In contrast, in the model we present here, we observe cyclic dynamics in 

the evolution of a single linear trait, namely the length of the infection period. Because in 

our study population dynamics are not a priori assumed to be in equilibrium, the spatial 

pattern can function as a second variable enabling cyclic dynamics. Here, a change in the 
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spatial pattern reverses the selection pressure, and each pattern induces selection towards 

the other pattern. In contrast, alternative spatial patterns can also reinforce the current 

pattern, resulting in bistability depending on the initial spatial pattern (Savill and Ho-

geweg 1997, Boots et al. 2004) 

We have demonstrated that the high mutation rate of many pathogens can have major 

consequences both for pattern formation and natural selection. Selection in the spatial 

system we describe here regularly shift s between individual and group properties resulting 

in a cyclic evolutionary dynamics in the length of the infection period. 
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CTL-based HIV vaccine concepts shown to reduce viremia and postpone 

disease, but not prevent infection in monkeys, are currently in human 

Phase I trials. To evaluate the potential effi  cacy of vaccines that allow HIV-1 

to infect and escape immunological control, we designed a mathematical 

model that correlates the level of viremia to both infectiousness and disease 

progression. We speculate that vaccinees will have (i) a virological setpoint 

and (ii) disease progression rates comparable to untreated HIV-1–infected 

individuals with the best prognosis. Our model (illustrated with R0 = 3) 

shows that a sexually active population can ultimately be reduced to 26% 

of its initial size as a result of AIDS–related mortality in the absence of 

treatment or vaccination. Start of vaccination when HIV-1 prevalence is 

still low might postpone the peak incidence of infection and the dramatic 

decline in population size by up to 22 years. In conclusion, CTL-based vac-

cines that do not prevent HIV-1 infection, but do postpone the time to 

onset of AIDS, have considerable potential to curb the spread of HIV-1 

and postpone high AIDS-related mortality on a population level. However, 

the number of long-term survivors is substantially increased only when 

vaccination is initiated early in an AIDS epidemic.

HIV | CTL-based vaccines | viral load | mathematical models | epidemiology
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Human immunodefi ciency virus type 1 (HIV-1) infection and the acquired immunodefi -

ciency syndrome (AIDS) are expected to continue to spread in countries where antiretro-

viral treatment cannot be supplied on a large scale. A key question is whether this process 

could be retarded if HIV-1–uninfected individuals were given preventive vaccines with 

limited effi  cacy. Th e main candidates are based on live vectors like adenoviruses and pox-

viruses, cf. either with or without a DNA prime. None prevents or clears infection with 

pathogenic immunodefi ciency virus in monkey models1 (Letvin 1998, Lifson & Martin 

2002, Nabel 2002), but studies in rhesus macaques have demonstrated that cytotoxic 

T–lymphocytes (CTLs) induced by such vaccines can temporarily control viral replication 

upon challenge with a highly pathogenic chimaeric simian-human immunodefi ciency 

virus (SHIV 89.6P) (Amara et al. 2001, Rose et al. 2001, Shiver et al. 2002) . In the natural 

course of HIV-1 infection, mutations within the viral epitopes recognized by CTLs permit 

infected cells to escape from CTL-mediated killing, with resulting loss of control over 

viral replication and, eventually, clinical disease progression and death from AIDS–related 

complications (Phillips et al. 1991, Borrow et al. 1997, Goulder et al. 1997, Kelleher et al. 

2001). Since viral escape from CTL recognition also threatens the effi  cacy of CTL-based 

HIV-1 vaccines (Mortara et al. 1998, Barouch et al. 2002), their boost to control over 

viremia may be only temporary.

To evaluate the eff ects of vaccines that do not prevent HIV-1 infection but control 

viremia, we designed a mathematical model in which the level of viremia was related to 

disease progression in individuals and to HIV-1 transmission from infected to uninfected 

individuals in a population. Parameters for disease progression in this model were esti-

mated from longitudinal data obtained through the Amsterdam Cohort Studies (ACS) on 

HIV infection and AIDS among homosexual men.

Methods

We distinguish three types of disease progression aft er the phase of primary HIV-1 infection, 

namely slow, intermediate, and fast progression, as determined by the virological setpoint: 

the level of viremia that refl ects the quasi-equilibrium between HIV-1 replication and the 

HIV-1–specifi c CTL immune response, reached at the end of the primary infection phase. 

We speculate that vaccinated individuals have a virological setpoint that is comparable to 

natural slow progressors (Goudsmit et al. 2002) and subsequently follow a comparable slow 

disease progression. We assume also that vaccinated individuals may have reduced viremia 

in the primary phase, as has been observed in rhesus monkeys infected with SHIV 89.6P, 

1  Th e one exception is a live attenuated vaccine, which protects against subsequent challenge with 

whole virus (Daniel et al. 1992) but is not regarded a safe candidate due to its own pathogenicity 

(Baba et al. 1995, Whatmore et al. 1995).
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although this reduction varied for diff erent vectors used (Shiver et al. 2002). During disease 

progression, plasma HIV-1 RNA is highly variable within an individual and can show sud-

den increases associated with viral escape from CTL control (Kelleher et al. 2001). 

We have simplifi ed plasma HIV-1 RNA to a discrete variable with three levels and 

incorporated the increase of viremia over time as a step function in our model. Mean 

duration of the primary infection phase was set at 0.4 years (Schacker et al 1998, Little et 

al. 1999, Lindback et al. 2000). Low viremia (L) was defi ned as plasma HIV-1 RNA below 

1,000 copies/ml, that being the lower limit of quantifi cation of the NASBA assay that was 

used. Both infectiousness and the AIDS risk are minimal when viremia is below 1,000 

copies/ml. Intermediate viremia (M) was defi ned as plasma HIV-1 RNA between 1,000 

and 30,000 copies/ml. In between these cut-off s, oth infectiousness and the AIDS risk 

increase with plasma HIV-1 RNA, but the increase is modest compared to higher levels 

of viremia. High viremia (H) was defi ned as plasma HIV-1 RNA above 30,000 copies/ml, 

which is associated with an increased AIDS risk (Ioannidis et al. 1996, Sabin et al 2000) 

and infectiousness (Gray et al. 2001).
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Fig. 1 Flow diagram of the disease progression and dynamics of HIV-1 transmission for model equations 

(1-7). Susceptible individuals (S) enter the population with fi xed rate B. Newly infected individuals move 

into a primary infection phase (P), a fraction ν of which is prior vaccinated (Pv); the per capita force of 

infection λ is given by equation 8. Non-vaccinated individuals move into the chronic infection phase with 

rate δP, and they can enter this phase with low (L), intermediate (M) or high (H) viremia, with probabilities 

fL, fM and fH. Prior vaccination induces a potent CTL response, and as a result vaccinees enter the chronic 

infection phase always with low viremia (L), with rate δPv. During the chronic infection phase, individuals 

move from low to intermediate to high viremia with rates δL and δM. Alternatively, individuals with low, 

intermediate and high viremia can acquire AIDS with rates αL, αM and αH. We assume that AIDS patients 

are no longer sexually active, and thus do not contribute to the force of infection λ. All model classes 

experience outfl ow rate μ for background mortality or termination of risky sexual activity (not shown in 

diagram).  See appendix for colour image. 
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We consider only the sexually active part of a population that is actually at risk of 

acquiring infection. Th e transitions of the model are schematically represented in Fig. 1 

and are given by equations (1) through (8). 
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Parameter values were either taken from the literature or estimated from longitudinal 

data obtained through the ACS on HIV infection and AIDS among homosexual men, as 

described elsewhere (van Griensven et al. 1987). Onset of AIDS was considered according 

to the 1993 revised surveillance case defi nition for AIDS among adolescents and adults 

(Centers for Disease Control and Prevention 1992), but excluding a CD4 cell count below 

200 mm-3 as an AIDS-defi ning condition.

Virological setpoint As mentioned, we speculate that all vaccinated individuals enter the 

chronic infection phase with low viral load (L). Non-vaccinated individuals vary consider-

ably in their virological setpoint; thus, the fractions of individuals that enter the chronic 

phase with low, intermediate or high viremia are represented by fL, fM and fH, respec-

tively (Table 1). Setpoint fractions were determined within a window from 60 days to 

one year aft er the fi rst date of positive antibody testing, considering only those patients 

whose seroconversion was documented over two visits within half a year of follow-up. We 

assumed that a patient was still in the primary phase of HIV-1 infection as long as viremia 
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showed a signifi cant decline (decrease > 0.5 log10 HIV-1 RNA copies/ml), and that the vi-

rological setpoint was attained as soon as viremia stabilized (decrease < 0.5 log10 HIV-1 

RNA copies/ml).

Disease progression In our model we assume that vaccinees will demonstrate disease 

progression rates comparable to natural slow progressors. Th e rates at which infected 

individuals progress from primary infection to chronic infection or to a stage of higher 

viremia within the chronic infection phase are given by δP, δPv, δL and δM, for progression 

from P, Pv, L and M, respectively (Table 1). Values for δL and δM were estimated from the 

fractions fL and fM, respectively, using a parametric survival model with the time-origin 

at the moment when the virological setpoint is attained. Th roughout the chronic infec-

tion phase, all patients are at risk of acquiring AIDS. Th is risk increases with increasing 

viral load; thus, αL, αM and αH give the rates at which patients acquire AIDS from stages 

L, M and H, respectively (Table 1). AIDS incidence rates were calculated by means of a 

person-years analysis. Follow-up was censored at the start of highly active antiretroviral 

therapy (HAART), defi ned as any concurrent regimen of at least three antiretroviral drugs 

or two if either drug was a protease inhibitor or a non-nucleoside reverse transcriptase 

inhibitor. Since we did not correct for time that patients spent on sub-optimal therapy, 

i.e. the time from start of mono- or dual nucleoside analogue therapy to start of HAART, 

our results may show an underestimation of AIDS incidence. If viremia switched between 

model categories, observation time was divided by means of interpolation. Th e mortality 

due to AIDS is represented by μAIDS. Th e average lifetime of AIDS patients was estimated 

at 2 years. Using our parameters, we calculated an average time to the onset of AIDS of 9.2 

years (12.2 years aft er vaccination).

Virus transmission Th e force of infection λ is given by equation 8. We assume the number 

of sexual contacts per year to be fi xed, regardless of the population size (Anderson & May 

1991). Th e infection terms βP, βPv, βL, βM and βH represent the number of HIV-1 infections 

per person per year that would be caused by an infected individual in model category P, 

Pv, L, M and H, respectively, if all his/her sexual contacts were with uninfected individu-

Table 1 Parameters and values used for the model schematically represented in Fig. 1. Values for parameters 

indicated with an asterisk were estimated from the Amsterdam Cohort Studies on HIV infection and AIDS 

among homosexual men. For other parameters, see Methods.

Parameters Values

fL*, fM*, fH* 0.177 0.336 0.487

δP, δL*, δM* 0.4-1yr-1 2.2-1yr-1 7.0-1yr-1

αL*, αM*, αH* 53-1yr-1 20-1yr-1 7.4-1yr-1

μ, μAIDS* 50-1yr-1 2.0-1yr-1

βP, βPv, βL, βM, βH 0.34 yr−1 0.09 yr-1 0.02 yr-1 0.26 yr-1 0.43 yr-1
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als. Note that the actual number of these secondary infections depends on the fraction of 

uninfected individuals in the population. For simplicity, we assume that individuals with 

symptomatic AIDS are no longer sexually active. Furthermore, we assume that individuals 

in diff erent model categories are similar in the amount and type of their sexual activity and 

contacts2. We set the relative magnitude of βL, βM and βH proportional to the probability 

of HIV-1 transmission per coital act that corresponded best with our viral load categories 

(Gray et al. 2001). Th e mean level of viremia in the primary infection phase was estimated 

at 30,000 HIV-1 RNA copies/ml (Lindback et al. 2000). Th is being the cut-off  point be-

tween intermediate and high viremia, we chose βP as the average of the transmission pa-

rameters from these categories, resulting in βP : βL : βM : βH = 18.5 : 1 : 14 : 23. We then scaled the 

transmission parameters to match the R0 of our choice, using equations (9) through (13). 
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We checked R0 values ranging from 1.5 to 30, but this variation does not qualitatively change 

our results, although the time-scale of the epidemic obviously does change with R0.

Vaccine–induced reductions of viral load in the primary infection phase in macaques were 

in the order of a factor 10 to 50 magnitude (Shiver et al. 2002). Assuming that a CTL-

based AIDS vaccine suppresses viremia during primary HIV-1 infection by a factor of 

30, we calculate βPv = βP/3.62 based on an estimated rate reduction of 2.45 with each log10 

decrement in plasma HIV-1-RNA level (Quinn et al. 2000). We do not consider a diff erent 

duration of the primary infection phase following vaccination, hence we present results 

only for δPv = δP (see Table 1).

2 In case of diff erences in sexual activity the force of infection becomes λ = (βPP + βPvPv + βLPL 

+ βMM + βHH )/ (S + σPP + σPvPv + σLPL + σMM + σHH ), in which σi denotes the relative sexual 

activity of individuals in infected category i, as compared to uninfected individuals.
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Results

Morbidity and mortality in natural HIV-1 infection Th e timescale with which HIV-1 

spreads through a population depends on the value of the basic HIV-1 reproductive rate, 

R0. With R0 = 3 and an initial prevalence of HIV-1 infection P = 0.1%, there are three distinct 

phases in the epidemic (Fig. 2). In the fi rst fi ft een years, it slowly builds up, but prevalence 

of infection remains below 5%, and population size is barely aff ected. In the second fi ft een 

years, the epidemic spreads through the population; the number of infected individuals 

quickly increases and less than 40% of the original population is still uninfected at 30 

years. However, the population is still relatively unaff ected by AIDS–related morbidity; the 

total population is reduced to 85% of its original size, with 1 out of 2 infected with HIV-1, 

but only 1 out of 15 has clinical AIDS. From thirty years onwards, the population shrinks 

rapidly due to AIDS–induced mortality, until an endemic equilibrium is reached at about 

60 years, when the total population is only about 26% of its original size. In equilibrium, 

the prevalence of HIV-1 infection is about 70% and the prevalence of clinical AIDS is 

about 11%. Note that the yearly number of AIDS cases (black area) is relatively constant 

aft er build-up of the fi rst thirty years, but the prevalence of AIDS increases until equilib-

rium is reached.
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Fig. 2 HIV-1 epidemic in case R0 = 3, starting with P = 0.1% and S = 99.9%. Th e upper curve represents 

the total population size; the diff erence with the initial population size is due to AIDS-related mortality. 

Diff erent colours represent the diff erent model compartments as fractions of the initial population size; 

from left  to right: uninfected (S, green), primary HIV-1 infected (P, blue), chronically infected with low 

(L), intermediate (M) and high (H) viremia (increasing shades of red) and AIDS (A, black). During the fi rst 

fi ft een years, only a very small part of the population is aff ected by HIV-1 infection. Th e second fi ft een 

years shows rapid infection of a large part of the population, but the total population size is relatively unaf-

fected, as most infected individuals are still asymptomatic. From year thirty onwards, high AIDS mortality 

decreases population size dramatically. See appendix for colour image. 
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Eff ects of vaccination on population dynamics Although a vaccine that reduces HIV-1 

viremia induces a longer chronic infection phase, mass vaccination of HIV-1 uninfected 

individuals scarcely aff ects R0. In a fully vaccinated population, R0 is reduced by 4% (thus 

R0,vac = 0.96 × R0,non-vac). Th erefore, the epidemic is not prevented by vaccination, nor is the 

endemic equilibrium much aff ected. Th e decrease in R0 that follows vaccination is caused 

mostly by the decreased viremia during acute infection. We calculated R0,mean : R0,slow : R0,normal 

: R0,fast = 1.00 : 1.00 : 1.06 : 0.96. Th e small diff erences in R0 between the distinct progressors 

indicate that a longer infection phase is balanced by decreased infectivity.

Mass vaccination with a viremia-reducing vaccine can, however, substantially retard 

the epidemic stage at which the population shrinks rapidly due to AIDS–induced mortal-

ity. Th e magnitude of this postponement depends on the prevalence of HIV-1 infection 

at the point of vaccination, specifi cally, when in the course of an epidemic vaccination is 

initiated (Fig. 3a). If vaccination is started at a time when the prevalence of HIV-1 is still 

very low (0.1% infection), the epidemic might be postponed by up to 22 years. However, 

vaccination started at or aft er the incidence peak scarcely alters the course of the epidemic 

(Fig. 3b). Whereas early vaccination delays and lowers the incidence peak, it unfortunately 

broadens the incidence peak as well; thus the total number of infections over the epidemic 

is relatively unaff ected by vaccination, as could be expected from the relatively unaff ected 

R0. Although the primary phase of HIV-1 infection contributes little to the basic HIV-1 

reproductive rate (R0,p is approximately 4% of R0), reducing viral load in the primary phase 

has relatively large eff ects on postponement of the epidemic. If the vaccine did not reduce 

load during the primary phase, the postponement of the epidemic would be about 20% 

less (for R0 = 3). Moreover, a higher R0 even increases the importance of the primary phase 

with respect to HIV-1 transmission, because with higher R0, the HIV-1–susceptible popu-

lation is depleted more rapidly during the course of disease progression.

Eff ects of vaccination on person-years spent in sexually active population Vaccination 

can improve life expectancy in two ways. First, vaccinees will have a better prognosis in 

case of an infection, the so-called individual eff ect of vaccination. Second, by reducing in-

fectiousness and postponing the period of high incidence, vaccination will (temporarily) 

increase the average age at infection and prevent some infections altogether, the so-called 

population eff ect of vaccination. We computed the contribution of both these eff ects to 

the average time a person spends in the sexually active population. We evaluated a period 

of 75 years since onset of an epidemic (starting with P = 0.1%), varying the year in which 

vaccination is initiated in order to examine the ‘window of opportunity’ for vaccination. 

As can be expected, the gain in person-years due to vaccination decreases with postpone-

ment of vaccination (Fig. 4). However, the drop in eff ect of vaccination is steepest in the 

early phase of the epidemic, when the gain in person-years decreases almost linearly with 

postponement of vaccination. Aft er the peak in incidence (compare Fig. 3b), the popula-
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tion eff ect of vaccination has diminished, leaving only the individual eff ect. Th erefore, 

vaccines that control viremia will be most eff ective in situations where the epidemic is still 

in its build-up phase and less eff ective when incidence is no longer rising. Much of the 

improvement in life expectancy should be expected from reducing infectiousness.

Discussion

To date, mathematical models on HIV-1 spread have mainly considered the eff ect of vac-

cination or antiretroviral therapy on infectiousness and disease progression separately 

Anderson et al. 1991, McLean et al. 1993, Garnett & Anderson 1996, Koopman et al. 1997, 
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Fig. 3 Eff ects of vaccination on population dynamics. In panels a and b, the black line represents a sce-

nario without vaccination. Other lines represent dynamics aft er diff erent starting points (arrows) of mass 

vaccination. Green indicates immediate vaccination at 0.1% prevalence at start of epidemic; red indicates 

vaccination aft er 10 years at 1% prevalence; blue indicates vaccination aft er 20 years at 10% prevalence: 

magenta indicates vaccination aft er 28 years at 41% prevalence. (a) Total population size (relative to S0). Th e 

later vaccination is initiated in an epidemic, the less it will retard the epidemic stage at which the population 

shrinks rapidly due to AIDS–induced mortality. (b) Th e incidence rate of HIV-1 infection (number of new 

infections per year). Th e later vaccination is initiated in an epidemic, the less it will curb the spread of 

HIV-1. See appendix for colour image. 
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Levin et al. 1996, Blower et al. 2000,Levin et al. 2001. Our model evaluates the potential 

benefi t of CTL-based AIDS vaccination on the population level, with respect to three key 

aspects of present-day vaccine candidates: (i) the ability to suppress viremia during the 

initial phase of HIV-1 infection (Shiver et al. 2002); (ii) the level of virus load reduction at 

the virological setpoint (Amara et al. 2001, Rose et al. 2001, Shiver et al. 2002, Barouch et 

al. 2002); and (iii) the time at which vaccination is initiated within an AIDS epidemic.

Our model shows that a sexually active population can ultimately be reduced to 26% 

of its initial size as a result of AIDS–induced mortality (for R0 = 3). Much of the increased 

mortality will become apparent as soon as the third decade of the epidemic. Timely in-

troduction of a CTL-based AIDS vaccine only marginally alters the endemic equilibrium 

but might postpone by as much as 22 years the peak incidence of HIV-1 infection and the 

dramatic decline in population size. Th is delay would provide the opportunity to intensify 

prevention programs, increase access to antiretroviral therapy and develop more effi  ca-

cious vaccines. Also, early mass vaccination would delay the drop in life expectancy and 

help to maintain the socio-economic structure in communities where mortality due to 

AIDS would otherwise cause demographic and economic collapse. All these delays are 

maximized if vaccination is initiated as early as possible in an epidemic.

Given the natural history of HIV-1 infection in humans, a lower plasma HIV-1-RNA 

level aft er primary HIV-1 infection predicts better survival (Jurriaans et al. 1994, Mel-

lors et al. 1996). A vaccine able to elicit strong initial CTL responses to HIV-1 antigens 

should therefore improve the prognosis by lowering the virological setpoint. We hypoth-
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Fig. 4 Eff ects of vaccination on actual time spent in sexually active population. Th e upper curve shows 

the gain in person-years that individuals spend in the population over the fi rst 75 years of the epidemic, 

starting when the prevalence was 0.1%. Th is is calculated relative to a scenario without vaccination and 

plotted for diff erent starting points of mass vaccination. Blue area is the gain caused by the improvement of 

prognosis. Red area is the gain caused by reducing the spread of HIV-1. Th e gain in person-years decreases 

with postponement of vaccination. Aft er the peak in incidence (Fig. 3b), the population eff ect of vaccina-

tion has diminished, and only the individual eff ect remains. See appendix for colour image.
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esized that viral escape from vaccine–induced CTLs would result in disease progression 

similar to that seen in long-term survivors of natural HIV-1 infection (Goudsmit et al. 

2002). Th is group of infected individuals is naturally characterized by a relatively good 

control of viremia, which is associated with vigorous proliferation-inducing responses of 

HIV-1 specifi c CD4+ T–lymphocytes (Rosenberg et al. 1997) and a high proportion of 

HIV-1 specifi c CTLs (Ogg et al. 1998). In addition to postponing AIDS in a vaccinated 

individual, vaccination will most likely reduce the probability with which vaccinated and 

subsequently infected individuals transmit HIV-1 to others, since infectiousness is directly 

related to the level of plasma HIV-1 RNA (Quinn et al. 2000, Fideli et al. 2001, Gray et al. 

2002,). We model a vaccine that is equally eff ective in all vaccinees, so, the case given here 

represents an optimal scenario.

Vaccine trials should be aimed at testing both (i) the improvement in individual prog-

nosis and (ii) the postponement in the epidemic that is caused by reduced infectiousness. 

Measurements in infected individuals should include plasma HIV-1-RNA level, CD4+ cell 

count, and perhaps CD4+ cell function3. Th e main issue with plasma HIV-1-RNA level as 

a potential endpoint for a Phase III AIDS vaccine trial is the level and duration of plasma 

virus load reduction that a vaccine should achieve. Note that with the vaccine we describe, 

which raises immune protection to the level of natural slow progressors, only 45% of all vac-

cinees infected still have plasma HIV-1-RNA levels below 1,000 copies/ml two years aft er 

seroconversion. Yet this vaccine has the potential to substantially increase life expectancy.

Th eoretically, CTL-based vaccination may reduce the demand for HAART in two ways. 

First, due to reduced transmission rates, less people will become infected with HIV-1; and 

second, due to improved prognosis upon infection, the time of initiation of HAART is de-

layed. CTL-based vaccination and HAART thus might act synergistically in prolonging the 

life expectancy of those infected, but the eff ect on the spread of HIV-1 is not clear. In any 

case, benefi cial eff ects on the spread of HIV-1 could be off set by an increase in the amount 

of unsafe sex upon start of vaccination or HAART administration programs. Counselling 

will remain important for the success of any vaccination or treatment campaign.

To what extent are these fi ndings applicable in areas where an AIDS vaccine is most 

needed, as in sub-Saharan Africa? We hypothesized that a CTL-based vaccine should in-

crease the number of long-term survivors among those infected with HIV-1. Our analysis 

suggests that a vaccine that reduces viremia and induces a longer chronic infection phase 

among vaccinees will result in a slightly decreased overall transmissibility (R0). Our model 

suggests that mass vaccination confers reduced morbidity and mortality in a population 

if administered when only a small proportion is infected. Th e later in an epidemic that 

vaccination is started, the less it aff ects the spread of HIV-1 and the number of long-term 

3 VRC meeting “AIDS Effi  cacy Trials: Considerations for Trial Design and Old and New End-

points”, November 2001
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survivors. AIDS vaccines that allow HIV-1 to infect and escape immunological control are 

benefi cial to the vaccinees, independent of the stage of the epidemic, but the number of 

long-term survivors is substantially increased only when vaccination is initiated early in 

the epidemic.
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Th e surface proteins (or ‘antigens’) of circulating infl uenza subtypes change 

continuously in response to mounting population immunity: an evolu-

tionary process called antigenic drift . Observations of gradual antigenic 

change in some years and sudden antigenic jumps in others have given rise 

to a view of clusters of antigenically similar strains that replace each other 

in time. Th e antigen-specifi c immunity responsible for antigenic drift  is 

long lasting. But an infl uenza infection is also followed by antigen-unspe-

cifi c immunity that is short lasting and that prevents subsequent infection 

with any infl uenza strain within a year aft er infection. We study an epide-

miological model for infl uenza evolution featuring these two components 

of immunity. Our model shows that immuno-selection can lead to various 

patterns of antigenic drift  dynamics, including gradual drift  and cluster 

jumps. Interestingly, introduction of a new infl uenza serotype can aff ect 

the evolutionary dynamics of the resident serotype. Th is study can help 

to explain why the antigenic drift  of serotype H3N2 became more gradual 

and slowed down aft er the reintroduction of serotype H1N1 in 1977. We 

believe our model can unify the gradual and cluster replacement views of 

infl uenza’s antigenic drift . 

Th e infl uenza virus infects roughly 10% to 25% of the human population every year (Ni-

cholson et al. 1998, WHO 2005). Th e antibody response against infl uenza is mainly tar-

geted against the surface proteins hemagglutinin and neuraminidase. Antibody mediated 

immunity against a specifi c virus strain is thought to last several decades, possibly lifelong 

(Palese 2004; Simonsen et al. 1998). Th is immunity, however, is specifi cally targeted to the 
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antigens of the hemagglutinin and neuraminidase that induced it (Cox & Bender 1995; 

de Jong et al. 2000; Wilson & Cox 1990). Point mutations in hemagglutinin and neurami-

nidase can change the antigens enough to reduce or even prevent antibody recognition 

(Caton et al. 1982; Lee & Chen 2004; Tsuchiya et al. 2001). Th is escape from recognition 

leads to natural selection for antigenic change. Th e resulting accumulation of mutations 

over time has been coined “antigenic drift ” (Both et al. 1983; Bush et al. 1999a; Bush et 

al. 1999b; Fitch et al. 1997; Grenfell et al. 2004; Ina & Gojobori 1994; Plotkin & Dushoff  

2003). Serologic assays show that the cross reactivity between infl uenza strains collected 

in diff erent years declines as the time interval between the samples increases (de Jong et 

al. 2000; Lee & Chen 2004). Indeed, there is a good correlation between genetic distance 

among infl uenza isolates and their antigenic similarity (Smith et al. 2004). Interestingly, 

infl uenza’s antigenic drift  and the continuous buildup of immunity against new antigens 

in the host population leads to a more or less stable situation in which a partial mismatch 

persists between the antigens expressed by circulating infl uenza and the antigens recog-

nized by the human population. Th is makes infl uenza’s antigenic drift  a prime example of 

so-called red queen dynamics (van Valen 1973; although it is not co-evolution, as the arms 

race is between viral evolution and population immunity).

Currently, two distinct serotypes of infl uenza A co-circulate in the human population, 

in addition to infl uenza B. Th e infl uenza A serotypes are labeled H3N2 and H1N1, aft er 

the class of hemagglutinin (H) and neuraminidase (N) they express. Infl uenza A H3N2 

was fi rst seen in the human population in 1968 and has persisted ever since. Infl uenza A 

H1N1 re-entered the population in 1977, presumably through a lab accident, aft er a period 

of absence since 1957 (Gregg et al. 1978; Nakajima et al. 1978). Th ere is evidence for short 

lasting unspecifi c immunity between infl uenza strains from diff erent serotypes. Prior ex-

posure to one serotype can prevent infection by other serotypes (Epstein 2006, Sonoguchi 

et al. 1985). Th is antigen-unspecifi c immunity is thought to be mediated mainly by T cells 

(Liang et al. 1994) and is believed to last only shortly, presumably in the order of up to one 

year. Th is view is supported by mouse model studies showing that viral respiratory infec-

tions can be followed by recruitment and maintenance of increased numbers of T-cells to 

respiratory tissues, which can last over one year following viral clearance (Ely et al. 2006). 

Th is so called heterosubtypic immunity is not perfect and takes some time to develop, as 

individuals can be observed to be infected with two serotypes within one season (Frank 

et al. 1983) and reassortment between strains seems a common occurrence (Gheldin et al. 

2005; Holmes et al. 2005), implying that humans have been multiple infected. Ferguson 

et al. (2003) invoke this antigen-unspecifi c component of immunity to explain why the 

infl uenza A H3N2 clade has only one (main) lineage, instead of diversifying into lineages 

with antigens that are not cross-reactive. We will call this between serotype inhibition 

strain-transcending immunity, to off set it against the longlasting antibody response that is 

strain-specifi c.
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Two recent studies suggest that the antigenic drift  in infl uenza A H3N2 is not simply 

gradual, but also has stepwise aspects (Plotkin et al. 2002, Smith et al. 2004). Plotkin et al. 

(2002) develop a statistical method to identify clusters of infl uenza strains by looking at 

the Hamming distance (i.c. the number of diff erent nucleotides) between their sequences. 

Smith et al. (2004) use serologic assays to characterize the antigenic distance between 

strains. Th ey identifi ed 11 antigenic clusters within infl uenza A H3N2 over the period 

1968–2002. Th ese clusters persist with a mean duration of 3.3 years, but there is consider-

able variation (Fig. 1). Many of the clusters dominated only one or two seasons, and, in 

contrast, one cluster persisted for 8 years. Both studies pay particular attention to the ge-

netic changes that underlie the antigenic clusters. Smith et al. (2004) identifi ed two cluster 

transitions that coincide with a single point mutation that brings about an exceptionally 
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Fig. 1 Evolution of infl uenza A H3N2 in the period 1968-2005, showing the accumulation of mutations 

in the antigenic HA1 region of hemagglutinin over time. We distinguish between amino acid changes and 

silent substitutions. Th e vertical axis expresses the phylogenetic (patristic) distance of infl uenza isolates to 

a 1968 reference strain (A/Bilthoven/16190/68). We used the dataset from Smith et al. (2004). For every 

year, circles show the mean distance from the strains of a particular cluster to the reference strain, circle 

size represents the fraction of isolates sampled during the year that is assigned to the cluster.  See appendix 

for colour image.
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large antigenic change. Key mutations like this, however, may not be the only explanation 

for the cluster transitions, as is suggested by the absence of obvious key mutations in other 

cluster transitions (Smith et al. 2004) and by the identifi cation of clusters from genetic 

sequence data as well (Plotkin et al. 2002). 

Models can provide insight in the role that immunity in the host population plays 

in shaping antigenic drift . Gog & Grenfell (2002) describe how strain-specifi c immunity 

can lead to antigenic cluster jumps. In their model, infl uenza strains can only cause an 

outbreak if their antigens are suffi  ciently diff erent from previous epidemic strains. Conse-

quently, strains that cause subsequent outbreaks are separated by a characteristic antigenic 

diff erence, which is large enough to escape from the strain-specifi c immunity. 

As stated in the introduction, during a ‘normal’ epidemic infl uenza infects only a frac-

tion of the host population. For various spatial, social and immunological reasons only a 

part of the host population may actually be at risk to infection within a year. Most notably, 

strain-transcending immunity can make hosts temporarily unavailable for infection. In 

this study, we will analyze a mathematical model for antigenic drift , including both strain-

specifi c and strain-transcending immunity. Including strain-transcending immunity is 

important because it is the basis for competition between diff erent infl uenza serotypes. 

Th ese two components of immunity may have seemingly opposing eff ects on antigenic 

drift ; while strain-specifi c immunity forms the basis for natural selection for antigenic 

change; strain-transcending immunity could slow-down this selection by temporarily 

protecting hosts from additional infections and consequently reducing the buildup of 

strain-specifi c immunity.

Model

Following Gog & Grenfell (1999), we simplify infl uenza’s antigenic plasticity to a discrete 

linear antigen space. Each position i along this space represents a diff erent antigenic strain. 

We will simply use the distance between strains as a measure for their antigenic similar-

ity. To model mutations, we impose a small rate μ at which hosts infected with strain i 

give rise to infections with strain i + 1. We allow only mutations forward along our linear 

space because mutations are unlikely to restore an older antigenic variant (Ferguson et 

al. 2003, Smith et al 2004), although allowing backward mutations will not substantially 

alter our results. We base our model on two assumptions that greatly reduce mathematical 

complexity (Gog & Grenfell 2002; Gupta et al. 1998). First, we assume polarized immunity, 

which means that in our model hosts are either fully immune to an infl uenza strain or 

not immune at all. Th is implies that we implement partial cross-immunity between two 

strains by keeping a fraction of exposed hosts susceptible and making the remainder im-

mune. Second, we assume that strain-specifi c immunity does not prevent the hosts from 
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acquiring further strain-specifi c or -transcending immunity when they are exposed to that 

specifi c strain. Instead, strain-specifi c immunity only prevents a host from becoming in-

fectious for that specifi c strain. Consequently, the buildup of new strain specifi c immunity 

does not depend on the strain-specifi c immune memory present in the population but 

only on the current prevalence of infl uenza strains. Th is allows us to track the buildup of 

immunity in the host population for each infl uenza strain independently. In contrast, we 

assume that when infection is averted by T cell mediated strain-transcending immunity 

lasting from an earlier infection, this prevents the buildup of long lasting antibody medi-

ated immunity.

We will fi rst construct a basic model in which we make no detailed assumptions about 

what limits the population that is at risk to infection, instead we will simply make only 

a fraction of the population susceptible at any time. Later, we will expand this model by 

explicitly including short lasting strain-transcending immunity aft er exposure.

Th e basic model is described by the following equations.

iii
i IνISβ

dt

dI
−=  (1) 

ii
j

ijji
i kSdZσISβ

dt

dS −+−=  (2) 

ii
i dZkS

dt

dZ −=  (3) 

Here, Ii is the fraction of hosts infectious for infl uenza strain i. Si is the fraction of hosts 

susceptible to strain i, and Zi represents the host that are temporarily not at risk to infec-

tion with strain I for reasons other then strain-specifi c immunity (e.g. strain-transcend-

ing immunity). We do not explicitly model the fraction of hosts that carry strain-specifi c 

immunity against strain i, this fraction is simply (1 − Si − Zi − Ii). All strains share the same 

transmission rate β and recovery rate ν. We set the mean duration of an infection (1/ν) 

to one week. Th e term βSiIi in equation (1) describes infection by mass action between 

Si and Ii. Similarly, hosts Si are also exposed to strains j at rate βSiIj. Th e probability that 

an exposure to strain j gives cross-immunity against strain i is given by σij. To maintain 

comparability with Gog and Grenfell (1999) we use σij = exp(−[i − j]2/h2). Using this Gaus-

sian form, an exposure to strain i always gives full immunity against itself (i.e. σii = 1), and 

the probability of acquiring cross-immunity declines as the antigenic (Hamming) distance 

increases. Parameter h sets the typical length scale of the cross-immunity. For simplicity, 

we ignore host demography, although adding a small death term and infl ux of new suscep-

tible hosts would not substantially alter our results. Susceptible hosts become temporarily 

not at risk at rate kSi. Th e parameter k can be though of as the per capita rate at which 
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susceptible individuals acquire strain-transcending immunity from exposure to other 

serotypes circulating in the population. Hosts that are temporarily not at risk to infection 

return to the susceptible pool (Si) at a per capita rate d. We set d to unity, so that hosts 

return to susceptibility aft er a mean period of one year. Th is period is rather arbitrary, but 

as long as it is in the order of one or a few years our results are robust. 

Results

A key feature of epidemiological models is the so-called basic reproduction ratio R0, which 

describes the average number of new infections that a single infected host would cause 

when the disease is fi rst introduced into a fully susceptible population. In our model

νkd

βd
R

)(0 +
= , or when the co-circulating other subtypes are also not present (i.e. k = 0)

simply R0 = β/ν. Recent studies of the Spanish Flu epidemic of 1918 suggest that R0 for 

infl uenza will be in the order of 1.8 to 3 (Ferguson et al. 2005; Mills et al. 2004).

When the entire susceptible population is at risk (k = 0), the model displays a regu-

lar sequence of outbreaks in which each outbreak is caused by a cluster of antigenically 

similar strains that is at considerable antigenic distance from the cluster that caused the 

previous outbreak (Fig. 2a). Th is is the pattern also observed by Gog & Grenfell (1999). 

Th e level of strain-specifi c immunity induced in the host population during an outbreak is 

high enough to prevent further outbreaks by strains from that cluster. Th e cross-immunity 

works not only against the epidemic strains, but also against strains that diff er from the ep-

idemic strain by only a few mutations so that only strains at a suffi  cient antigenic distance 

can cause the subsequent outbreak. In fact, the Hamming distance between subsequent 

clusters is approaching a fi xed optimal value, which is a compromise between minimal 

cross-immunity and maximal mutational support (Wilke & Adami 2003).

When part of the host population is temporarily not susceptible (i.c. k > 0) the evo-

lutionary dynamics can be very diff erent, depending on the disease basic reproduction 

number (R0). Using a high reproduction number (i.c. R0 > 3), we observe antigenic clusters 

that cause several outbreaks, instead of a single outbreak (Fig. 2b). Individual outbreaks 

are relatively small, because at any time only a small fraction of the population is suscepti-

ble for infection. Consequentially, it can take several outbreaks before suffi  cient immunity 

against an antigenic cluster is built up for it to disappear. As a result, the antigenic clusters 

can cause multiple epidemics before being replaced by the next cluster. Within each cluster 

there is gradual antigenic change over time. At the cluster transitions, strains from both 

clusters can briefl y be observed to co-circulate within one outbreak. Th e fi rst outbreak of a 

new cluster is relatively severe. At low reproduction number (R0 < 3) the dynamics change 

to gradual antigenic drift  (Fig. 2c). Using a lower R0 will also result in a reduced drift  rate. 
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Th e transient patterns leading to this gradual evolution, however, can show some stepwise 

shift s, as can be seen in Fig. 2c right aft er the fi rst outbreak (at t = 6).
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Fig. 2 Antigen-specifi c cross-immunity leads to antigenic drift . Th e dynamic pattern of this drift  depends 

on R0 and on the fraction of the host population that is at risk to infection. (a) When the entire host popula-

tion is at risk to become infected, and at R0 = 6, each outbreak is caused by an antigenically distinct cluster. 

Th is behavior was also observed by Gog and Grenfell, 2002. (b) When only 30% of the population is at risk, 

and at R0 = 4, we observe antigenic clusters that cause multiple outbreaks, before being replaced by the next 

cluster. (c) With 20% at risk, and at R0 = 2, the evolutionary pattern changes to continuous antigenic drift , 

although in the initial phase some transient cluster-like jumps can be observed. Parameters are h = 10 and 

μ = 10−6, simulations were initialized with Si and Zi in equilibrium. See appendix for colour image.
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Summarizing, we fi nd that the combination of strain-specifi c and strain-transcend-

ing immunity can lead to three types of evolutionary dynamics, single-epidemic cluster 

dynamics, multiple-epidemic cluster dynamics and gradual antigenic drift . Fig. 3a shows 

how these three types of evolutionary dynamics relate to R0 and to the fraction d/(d + k) 

that is at risk. We classifi ed the evolutionary dynamics by testing in numerical simula-

tions whether the evolution showed antigenic jumps and whether clusters lasted multiple 

epidemics. Single–epidemic clusters occur when the majority of the host population is at 

risk. Reducing the fraction that is at risk can lead to multiple-epidemic clusters for high R0 

and to gradual drift  for low R0.

Strain-transcending immunity Th eoretically, short lasting strain-transcending immunity 

can play a dual role. It will be important in the competition between diff erent serotypes; 

but it is also likely to work within a serotype, increasing competition between mutants of 

the same serotype even if they are antigenically very diff erent. We explicitly included that 

exposure can lead to short lasting strain-transcending immunity in the model by replacing 

equations 1 to 3 with:

iii
i IνISβ

dt

dI −=  (4) 

 

−+−=
j

iiji
i kSdZISβ

dt

dS  (5) 

 

−+−=
j

iijiij
i dZkSISσβ

dt

dZ )1(  (6) 

Fig. 3 Th e pattern of antigenic change depends on R0 and the fraction of the susceptible host population 

that is at risk (equations 1 to 3). We used numerical analysis to classify the genetic drift  pattern. When a 

large fraction of the population is at risk to infection, we observe clusters that cause only a single outbreak. 

If the fraction that is at risk is low, we observe clusters that cause multiple outbreaks when R0 is larger then 

approximately 3 or gradual drift  when R0 is smaller then this value. Parameters are h = 10 and μ = 10−6.
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Th e equation for infectious hosts (eqn. 4) is unaltered. Hosts susceptible to strain i are 

challenged with infl uenza at a rate βSiIj for each circulating strain j. Th ese hosts acquire 

strain-specifi c immunity with probability σij, and strain-transcending immunity otherwise 

(with rate 1 − σij). Implicitly, we assume that hosts can acquire strain-transcending immu-

nity also when they are exposed to strains for which they carry strain specifi c immunity. A 

similar assumption was made by Ferguson et al. (1999) and would represent a boosted im-

mune response aft er immunity successfully fends off  the challenging virus. As explained 

in the model section, we assume strain-transcending immunity does prevent the buildup 

of additional specifi c immunity aft er exposure. 

Incorporating strain-transcending immunity in this fashion strongly increases the 

parameter domain in which we fi nd continuous drift . A higher R0 leads to more exposure 

of susceptible hosts to circulating strains, and to a stronger buildup of strain-transcending 

immunity in addition to the strain transcending immunity from other circulating sero-

types. For R0 higher than around 5.5, the buildup of temporary immunity is so large, that 

we fi nd continuous antigenic drift  even when other serotypes are absent (k = 0). 

We conclude that the combination of strain-specifi c and strain-transcending immu-

nity can both provide a mechanism for cluster jumps as well as for gradual antigenic drift . 

We believe the ubiquity of cluster jumps in Gog & Grenfell (1999) may stem from the free 

availability of susceptible hosts in their model, leading to severe epidemics that induce 

herd immunity against the epidemic strain and closely related strains. Notably, the evolu-

tionary dynamics of either gradual drift  or cluster jumps are generated without allowing 

mutations with large antigenic eff ect. Th e cluster jumps we observed in the previous sec-

tion are a result of the build-up of cross-immunity in the host population.

Competition between serotypes Th e reintroduction of serotype H1N1 into the human 

population in 1977 leading to co-circulation with serotype H3N2 may off er a unique 

opportunity to observe an altered competitive regime for infl uenza. Data on the relative 

abundance of H1N1 and H3N2 infl uenza unfortunately are scarce. Th e prevalence of 

H1N1 seems to have been particularly high in the years directly aft er the reintroduction. 

For example, H1N1 was the only type recorded in US in epidemics of 1978 and 1986 and 

was commonly observed in the intervening years, while in contrast H3N2 shows domi-

nance from 1990 until 2000 (Ferguson et al. 2003). Th e data by Smith et al. (2004) show 

a decreased rate of antigenic and genetic change right aft er 1977. Th is same reduction is 

visible in our Fig. 1. Th is period of slow drift  starts with the BK79 cluster that lasted an 

exceptionally long 8 years. Moreover, the clusters that follow BK79 diff er only by a few 

amino acids, and the combined clusters of BK79, SI87, and BE89 lasted 13 years until 

1992. Th is period forms an exception to the otherwise relatively regular cluster jumps. Th e 

end of this period, in which the pattern of cluster replacement every 2-5 years is restored, 

corresponds with an increase in base pair substitution rate observed by Fitch et al. (1997) 
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in a dataset spanning from 1983 until 1996. Th e temporarily reduced drift  rate in Fig. 1 is 

unlikely to be the result of sampling bias because it is not visible in the silent substitutions. 

Th is absence of an eff ect of reintroduction of H1N1 on silent mutations is in accordance 

with theory, as the substitution rate for silent mutations should not be infl uenced by com-

petition or population size, but it depends only on the neutral mutation rate (Crow & 

Kimura 1970). 

We used our model (equations 4-6) to test if the H1N1 reintroduction can indeed be 

responsible for the observed change in non-synonymous drift  rate and absence of marked 

cluster jumps in the period 1977-1992. Within this period we simply increased our param-

eter k, mimicking an increased prevalence of the competing serotypes (Fig. 4). We observe 

that an increase in competition in this period leads to a reduction in drift  speed and to 

a change in evolutionary dynamic behavior from cluster jumps toward gradual antigenic 

drift . Competition will reduce the susceptible fraction d/(d + k), but will also reduce the 

basic reproduction ratio. Th e eff ect of increasing k in our system is analogous to shift ing 

the system in the parameter space of Fig. 3 along a straight line toward the origin, reducing 

d/(d + k) and R0 in equal amounts. 

 1e-04

 0.001

 0.01

 0.1

time

st
ra

in

 1970  1975  1980  1985  1990  1995  2000

0

20

40

60

80

Fig. 4 Competition between serotypes can reduce the genetic drift  rate and can change the cluster dynamics 

toward continuous change. From 1977 until 1992 we implicitly include a competitor strain. Th is competitor 

strain induces strain-transcending immunity in susceptible hosts at rate k = 1 (k = 0 otherwise). Note the 

period of low prevalence directly following the introduction of the competitor. Parameters are h = 10 and 

μ = 10−6 and R0 = 3, model uses equations 4-6.  See appendix for colour image.
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Discussion

Antigenic drift  of infl uenza is traditionally assumed to be a process of gradual change in 

the surface proteins of circulating infl uenza strains. Phylogenetic reconstruction shows 

that on a yearly basis several amino acid substitutions occur in hemagglutinin (Fig. 1). 

Two recent studies use advanced analysis to fi nd clusters in the historic infl uenza data, 

e.g. DNA sequence data shows a tendency to cluster into groups separated by a character-

istic distance (Plotkin 2002). Th is clustering is even more apparent on the antigenic level 

(Smith et al. 2004). Antigenic drift  can be understood as a buildup of antigenic diff erences 

to overcome strain specifi c cross-immunity (Ferguson et al. 2003; Gog & Grenfell 2002). 

Sudden antigenic cluster changes every few years could in some cases be attributed to 

point mutations with a large antigenic eff ect (Smith et al. 2004), but can also be the result 

of a process of gradual accumulation of small eff ect mutations (Gog & Grenfell 2002).

We analyzed a model for infl uenza evolution to determine the combined eff ects of 

long lasting strain-specifi c immunity and short lasting strain-transcending (heterotypic) 

immunity. Th e combination of these two aspects of immunity can both give rise to jumps 

between antigenic clusters, but also to gradual antigenic drift . Th e basic reproduction ratio 

R0 and level of competition between serotypes determine the specifi c drift  or jump pattern. 

We believe our model can unify the gradual and cluster replacement views of infl uenza’s 

antigenic drift . 

Data from Smith et al. (2004) show a period of reduced amino acid substitution rate 

starting in 1977 and lasting until approximately 1992 (Fig. 1). In this period antigenic 

cluster jumps are scarce. We hypothesize that this is caused by competition with the re-

introduced H1N1 subtype through strain-transcending immunity. Th is competition could 

have reduced the global abundance of H3N2, consequently slowing down the substitution 

rate and damping the cluster dynamics. 

In this paper we simulate competition between serotypes by implicitly setting the 

competing serotype at a fi xed prevalence. Th e annual prevalence of H3N2, H1N1 and B 

serotypes, however, are highly variable. Competition through cross-immunity can be the 

driving mechanism behind the alternating occurrence of the serotypes (Ferguson et al. 

2003). Th e eff ect of continual changes in the prevalence of serotypes on antigenic evolu-

tion remains an important topic for further research.

Spatial heterogeneity in the global distribution of infl uenza strains can be an important 

factor in allowing diverse infl uenza strains to co-occur in spite of competition through 

cross-immunity. Th e role of spatial spread in the genetic drift  dynamics of infl uenza is 

largely unstudied and deserves more attention. Th ere are some observations that suggest 

that new antigenic variants frequently fi nd their origin in Southeast-Asia, from where they 

spread across the world (Cox & Subbarao 2000; Plotkin 2002). Diff erences in climate can 

lead to diff erent annual infl uenza incidence patterns, where typically incidence in tropical 
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regions shows less seasonality. Th is geographic diversity may add further complexity to 

subtype interactions and infl uenza evolution. Furthermore, heterogeneity in the distribu-

tion of immunity and infection can make that some regions acts as a source for outbreaks, 

and consequently these regions can ‘drive’ evolution (van Ballegooijen & Boerlijst 2004). 

An important question on competition between serotypes is to what extent competition 

would reduce the eff ective R0. If there is spatial mixing of serotypes, as we implicitly as-

sumed here, strain-transcending immunity will reduce the eff ective R0 of a specifi c strain, 

because a part of all contacts will be ‘wasted’ on temporarily immune individuals. If the 

serotypes occur more spatially segregated, however, strain-transcending immunity might 

be of less importance, as the strains do not interact on a local scale. European data on 

local prevalence of subtypes suggest that such spatial segregation does frequently occur 

(European Infl uenza Surveillence Scheme 2000 – 2006) 

Th e possibility of a new pandemic infl uenza serotype entering the human population 

remains a continuous threat. Currently the avian epidemic H5N1 serotype that is capable 

of infecting and killing humans, but so far is not effi  ciently transmissible from human to 

human, seems to be a prime candidate (WHO 2005). Introduction of a new transmissible 

serotype into the human population may change the evolutionary and epidemiological 

picture for infl uenza considerably (Grenfell et al. 2004). Earlier pandemics, in which a new 

serotype was introduced into the human population, have led to a complete replacement 

of the resident infl uenza A subtype by the pandemic strain. Th e reintroduction of H1N1 

and its coexistence with H3N2 is an exception, but here the older part of the population 

presumably still had immunity from the previous circulation of H1N1. If a pandemic of 

a new serotype would ousts some of the current strains, this will relief the inter-serotype 

competition. Our model suggests this reduced competition can lead to dynamics in which 

cluster replacement is more pronounced. For vaccine development this could mean that 

vaccine success will become more variable; good protection in the years in which a single 

cluster persists, and more failure in a years where a new cluster emerges. If introduction of 

a new serotype simply adds to the present diversity, however, competition may be intensi-

fi ed. In that case we expect evolution to become more gradual, leading to less severe vac-

cine failures. Increased diversity in the strains that circulate within each serotype could, 

however, reduce a vaccine’s effi  cacy. We believe there is a theoretical basis to expect that 

changes in the competition between serotypes will have consequences for the rate of anti-

genic drift  and the occurrence of antigenic cluster jumps.
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Summarising discussion

Th is thesis is about the ecology and evolution of infectious disease. On an abstract level, it 

examines the potential role of spatial pattern formation on the evolution of transmissibility 

and the duration of infections (chapters 2 and 3). More concretely, it assesses the potential 

population eff ects of imperfect vaccination against HIV-1 and it studies the impact of host 

population immunity on the antigenic evolution of infl uenza (chapters 4 and 5). Th rough-

out this thesis, there is a central role for the interplay between ecological processes, such 

as disease spread and pattern formation, and evolutionary change of pathogen properties. 

In the models studied in the fi rst part of the thesis, pathogen properties determine spatial 

pattern formation into waves of infection and immunity. In return, these spatial patterns 

infl uence which pathogen traits are selected for, and thus the system has a feedback loop 

between spatial patterns and evolution. In the second part of the thesis, escape from host 

immunity (or cross-immunity) turns out to be a crucial factor for the severity of epidemic 

outbreaks. Furthermore, in infl uenza, immunity elicited in the host population during 

outbreaks also controls the evolutionary emergence of new strains. 

In chapter 2 we examine how spatial pattern formation can aff ect pathogen evolution. 

Supposed trade-off s between disease characteristics such as transmissibility and virulence 

play an important role in the theory of pathogen evolution (e.g. Gandon et al. 2001, Frank 

1996, van Baalen & Sabelis 1995, Bull 1994). Recent advances in understanding the eff ects 

of explicit spatial structure in epidemics have focused mainly on models in which disease-

induced mortality plays a dominant role (Boots et al. 2004, Haraguchi & Sasaki 2000, 

Boots & Sasaki 1999, Rand et al. 1995). As a consequence, in these models disease spread 

and birth of new hosts have to occur at similar timescales. In contrast, we study a situation 

where disease dynamics is happening on a much faster timescale than host demography, 

and disease is not inducing host death (van Ballegooijen & Boerlijst 2004). 

We developed a grid-based spatial model in which hosts are either (i) susceptible, (ii) 

infected with a particular pathogen genotype or (iii) temporarily immune to infection 

(Diekman & Heesterbeek 2000). In the model, infection occurs mainly locally, between 

neighbouring hosts. A variety of spatial patterns in spread of disease and immunity can 

be observed in this model, depending on the infection rate and infection period. Most 

notably, we observe spiral-shaped travelling waves of infection. When the infection pe-

riod and infection rate are allowed to evolve independently, evolutionary trajectories are 

drawn to a hyperbolic relationship between infection rate and infection period. Along this 
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relationship, the basic reproduction ratio, R0, is constant, meaning that evolutionary in-

creases in the infection rate are balanced by proportional decreases in the infection period. 

Th is emergent, trade-off  like behaviour is a consequence of the spatial processes, as our 

model does not depend on assumed underlying physiological trade-off s. It turns out that 

in our spatial system, there is selection for pathogen traits that cause epidemic outbreaks 

at increased frequency. Selection for outbreak frequency has been observed before in spa-

tial chemical systems (Boerlijst & Hogeweg 1991a,b), and spatial parasitoid-host models 

(Savill et al. 1997, Boerlijst et al. 1993). We are the fi rst to observe it in a spatial SIR-model. 

Th is result contrasts with the notion that natural selection should benefi t pathogens that 

maximise the number of secondary infections. In our model, outbreak frequency is opti-

mal for infections of relatively short duration. We conclude that spatial patterns can induce 

selection for short-lasting infections.

In chapter 3, we examine the spatial model from chapter 2 under conditions where co-oc-

curring disease strains can diff er substantially in their infection period. Th is could arise, 

for example, through mutations that have a large phenotypic eff ect or through a high 

mutation rate. Until now, most mathematical models have been based on the assumption 

that mutations are relatively rare and have a small phenotypic eff ect (e.g. Dieckmann et 

al. 2002). A high mutation rate and mutations of large eff ect, however, are not uncommon 

in pathogens. When competing pathogens are very similar, the system typically organizes 

into spiral waves, as described in chapter 2. When pathogen strains diff er substantially in 

the duration of infection, however, a new type of spatial pattern can emerge at the competi-

tion interface. Th is is a turbulent, fi ne-grained spatial pattern, and the pattern is transient, 

meaning that aft er the competition is decided it re-organizes itself into spiral waves. But in 

the transient pattern, the direction of natural selection is reversed: no longer selecting for 

minimal outbreak frequency, but instead selecting for longer infection periods. As a result, 

we can observe cyclic evolution of the length of the infection period. In the absence of 

turbulence, there is gradual selection towards shorter infection periods, until diff erences 

in infection period become large and turbulence emerges. Within the turbulence, there 

is rapid selection towards longer infection periods, but aft er this selection the turbulence 

disappears and the evolutionary cycle restarts. Th is cyclic evolutionary change in the infec-

tion period stands at odds with the search image of evolution toward an optimal reproduc-

tion number, which plays a central role in the current pathogen evolution literature. Th e 

study demonstrates that in spatial systems, competition between diff erent genotypes can 

take place at the interface of spatial domains. We show that, at this interface, conditions 

can be very diff erent from the typical (spatial) equilibrium conditions belonging to each 

separate competitor. Th is work is related to observations that spatial pattern formation 

can lead to alternative evolutionary attractors, depending on the initial spatial pattern 

(Savill & Hogeweg 1997, Boots et al. 2004). Here, instead, we observe cyclic evolutionary 
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dynamics, where the reversals in selection pressure are associated with changes in the 

spatial pattern. Th e complexity that can arise from pattern formation in a straightforward, 

three-state disease model with evolution in only a single pathogen trait is remarkable.

Chapter 4 presents an assessment of vaccination against HIV-1. A vaccine that fully pro-

tects against HIV infection remains elusive (Letvin et al. 2002). Vaccination experiments 

in monkeys do show, however, that T-cells elicited by vaccine concepts can help to gain 

better control over viral replication aft er initial infection, substantially slowing down 

disease progression (Shiver et al. 2002). Unfortunately, this control is only temporary, as 

mutations can allow the virus to escape T-cell recognition (Barouch et al. 2002). Th ese vac-

cines are therefore called disease-modifying, instead of sterilizing, and such “imperfect” 

vaccines are currently undergoing clinical trials in humans (Letvin 2005, Davenport et al. 

2004). Th ese vaccines may not be able to stop the spread of HIV in human populations, 

but they will aff ect the dynamics of the epidemic. Here, we evaluate whether the spread 

of the HIV epidemic can be delayed when disease-modifying vaccines would be applied. 

While these vaccines are likely to be benefi cial to individual vaccinees (by improving the 

duration of the non-symptomatic phase), the lengthened infection period of these vac-

cinees could in principle lead to an increased number of secondary infections (Smith & 

Blower 2004, Bogaards et al. 2005). 

Our model is based on the observation that virus levels (viremia) within an infected 

person are indicative of both transmissibility and disease progression. We estimate the 

parameters for our model from the Amsterdam Cohort Studies data and from African 

transmission studies (Gray et al. 2001, Quinn et al. 2000). We calculate that, interestingly, 

the basic reproduction ratio of HIV is largely insensitive to vaccination. Th e extended 

asymptomatic period is compensated by a reduction in transmission. Also, the popula-

tion equilibrium levels of HIV prevalence remain nearly unaff ected by these vaccines. Th e 

spread of HIV through the population can, however, be substantially slowed down. We 

show, for instance, a postponement of peak incidence of fi ft een years if vaccination is 

deployed at an early moment, where the HIV epidemic is at 1% prevalence. Th e magni-

tude of postponement depends also on factors such as the basic reproduction ratio in the 

vaccinated population (van Ballegooijen et al. 2003). When vaccination is initiated while 

prevalence in the target population is still low, the number of life years gained by slowing 

the epidemic can be substantially larger then the number of life years gained by extending 

the lives of infected vaccinated persons. However, if vaccination is deployed aft er peak 

incidence, transmission is hardly reduced, leaving only the individual benefi t of improved 

prognosis. We conclude that disease-modifying HIV vaccines do have potential to curb 

the spread of HIV and to postpone AIDS-related mortality, even when a substantial frac-

tion of vaccinees looses control over viremia within two years aft er infection. We point out 

that vaccine trials should not only be aimed at testing the improvement in individual prog-
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nosis aft er vaccination but also at evaluating the reduction in transmission resulting from 

vaccination as this could be a major contributor to the vaccine’s eff ects. Th ese conclusions 

have now been supported by alternative modelling approaches (Davenport et al. 2004). 

In chapter 5 we show that the antigenic drift  pattern of infl uenza can be explained by 

cross-immunity in the human population. Circulating infl uenza strains change continu-

ously (Earn et al. 2002, Bush et al. 1999). Th is accumulation of mutations is gradual in 

some years, but recent observations revealed patterns of larger antigenic ‘jumps’ every 

two to fi ve years (Smith et al. 2004, Plotkin et al. 2002). Th e World Health Organization 

bases its advice on vaccine development on circulating strains. Aft er antigenic jumps, old 

vaccines typically have reduced effi  cacy, leading to increased mortality. We investigate 

what mechanism can be responsible for this antigenic drift  pattern in which gradual drift  

and cluster jumps alternate. We propose that the combination of strain-specifi c antibody-

mediated immunity (Nicholson et al. 1998) and unspecifi c strain-transcending T-cell 

mediated immunity (Liang et al 1994) can provide an explanation for these patterns, and 

we test the validity of this hypothesis. Th ese two mechanisms of immunity can have op-

posite eff ects on natural selection. Strain-specifi c immunity is the basis for selection for 

antigenic change, whereas strain-transcending immunity might slow this selection down 

by temporarily protecting hosts from additional infections, reducing the build-up of strain 

specifi c immunity. Previous studies have shown that strain-specifi c cross-immunity can 

be responsible for antigenic jumps between epidemics (Gog & Grenfell 2002). We show 

that when strain-transcending immunity is incorporated as well, the interaction between 

virus evolution and the two types of immunity in the host population can induce a variety 

of antigenic drift  patterns, including gradual drift , cluster jumps and alternations of both. 

Moreover, we fi nd that in our model diff erent competing infl uenza serotypes may aff ect 

each other’s antigenic evolution pattern. Data suggest that aft er 1977 the evolution of sero-

type H3N2 infl uenza slowed down and became more regular. We show that this could be 

caused by the reintroduction of the competing serotype H1N1.

Th e results presented in this thesis of course leave room for further discussion and re-

search. Th e role of spatial patterns in the dynamics and evolution of infectious disease has 

been studied with relatively abstract spatial SIR-type models such as presented in part 1 

of this thesis. We believe that this approach is important for elucidating the potential role 

that spatial patterns may play. Unfortunately, the role of spatial patterns in disease and 

immunity in the evolution of actual specifi c infectious diseases remains largely unstudied 

so far. Analysis of the infl uence of contact network structure on disease spread and evolu-

tion has focused mainly on two extremes of network structure: regular lattices or nearly 

random networks. Th is thesis proves examples of regular lattice-based models, used to 

study pattern formation in regular contact networks. So-called pair approximations can 
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be used to simplify spatial complexity in nearly random contact networks and analyze the 

role of local correlations (Keeling 1999, van Baalen & Rand 1998), but this approach is 

unsuitable to incorporate large scale spatial patterns. We hope that in the coming years, 

the gap between these two extremes in contact network structure can be fi lled (but see 

Keeling 2005 and Read & Keeling 2003). 

Immunity plays a crucial role throughout this thesis, e.g. in determining directionality 

in wave-like spatial disease spread in chapters 2 and 3, in immune protection postponing 

the onset of AIDS in chapter 4, and in driving antigenic drift  in infl uenza in chapter 5. 

Oft en, both for clarity and lack of data availability, we modelled immunity in a simple 

fashion, e.g. hosts are either fully immune, or not at all. A more detailed understanding 

of host immune mechanisms, for instance of the variability in the immune response, will 

allow us to construct more realistic models. Furthermore, in chapters 2, 3 and 5, the proc-

ess of pathogen proliferation within an infected host is not considered; hosts are simply 

infected or not. In the HIV model in chapter 4 we keep track of the virus load within 

hosts and this allows us to assign diff erences in transmission to diff erent stages of disease 

progression. Th e primary HIV infection that features high virus load and high transmis-

sion risk merits closer study with regard to e.g. super-spreading (Galvani & May 2005) and 

high-transmission communities such as intravenous drug users. 

Improved availability of molecular (sequence) data has changed and will continue to 

change the research into the evolution of pathogens. A growing number of studies attempt 

to understand changes in disease severity (i.e. virulence) on a molecular or genetic level. 

Incorporation of more detailed knowledge in our mathematical models seems necessary to 

achieve better practical predictions for epidemic and evolutionary dynamics of pathogens. 

A combination of population dynamic modelling and molecular data, such as presented 

in chapter 5 or by e.g. recent coalescent approaches (Drummond et al. 2005, Pybus et al. 

2001), may allow us to gain an increased insight both in historical incidence patterns and 

in examining outbreak data.

Ecology and evolution of rapidly mutating diseases should not be studied separately, 

as both are intricately related. For rapidly evolving diseases, the timescales of epidemic 

processes and evolutionary change oft en overlap, leading to striking eco-evolutionary 

phenomena (e.g. chapters 3 and 5). Th is thesis aims to improve our understanding of 

the spatial and immunological mechanisms that underlie pathogen evolution. Our goal 

is that, ultimately, insight into the ecological mechanisms that drive pathogen evolution 

will lead to better understanding of the evolutionary changes that infectious diseases may 

undergo aft er species jumps, during epidemics and in response to human interventions. 
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Door evolutie kunnen ziekteverwekkers – en daarmee de ziektes die ze veroorzaken –ver-

anderen van eigenschappen. Zo kan evolutie er toe leiden dat ziektes meer of juist minder 

besmettelijk dodelijk worden. Sommige virussen kunnen door evolutie ontsnappen aan 

het menselijke immuunsysteem, waardoor infectie niet overgaat (zoals bij HIV) of im-

muniteit niet goed beschermt tegen herinfectie (als bij infl uenza).

Evolutie (de verandering van eigenschappen door natuurlijke selectie) van ziekte-

verwekkers kan belangrijke gevolgen hebben voor het verloop van uitbraken. Een nieuw 

geëvolueerde infl uenzavariant kan bijvoorbeeld leiden tot een extra hevige griepepidemie. 

Omgekeerd is juist de interactie tussen ziekteverwekkers en hun gastheer populatie bepa-

lend voor de snelheid en richting die evolutie neemt. Deze terugkoppeling tussen evolutie 

en ecologie speelt een centrale rol in dit proefschrift . Het eerste deel van dit proefschrift  

behandelt ruimtelijke patronen in de verspreiding van infectieziekten en resistentie en 

gaat in op de fundamentele vraag of (en hoe) ruimtelijke patronen een rol kunnen spelen 

in evolutie. Het tweede deel, meer toegepast, spitst zich toe op twee voor met name de 

mens belangrijke ziekteverwekkers, HIV en infl uenza. 

Bij de verspreiding van infectieziekten kunnen ruimtelijke patronen een belangrijke rol 

spelen. Wij hebben onderzocht welk eff ect ruimtelijke patronen kunnen hebben op de 

evolutie van infectieziekten. Daarvoor bouwden we met een computer een ruimtelijke 

gastheerpopulatie na, waarbinnen we de verspreiding van een evoluerende ziekteverwek-

ker simuleerden. Op deze wijze konden we de ruimtelijke patronen en evolutie binnen 

dit modelsysteem direct observeren en analyseren. We zagen diverse patronen ontstaan, 

waaronder de bovengenoemde golven. Ruimtelijke patronen, met name zogenaamde spi-

raalgolven (zichtbaar op de kaft  van dit proefschrift ) kunnen een opmerkelijk eff ect op 

evolutie hebben. In ons modelsysteem hebben infectieziekten die frequent voor een uit-

braakgolf kunnen zorgen een evolutionair voordeel. Dat resulteert in natuurlijke selectie 

voor een hoge uitbraak frequentie, een resultaat dat afwijkt van de meer gangbare gedachte 

dat natuurlijke selectie leidt tot infectieziekten die zoveel mogelijk infecties kunnen maken. 

In het bijzonder suggereert ons model dat evolutie bij bepaalde ruimtelijke patronen kan 

leiden tot infectieziekten die mild zijn en snel weer over gaan (hoofdstuk 2). Daarnaast 

observeerden we dat evolutionaire veranderingen in besmettelijkheid consequenties kun-

nen hebben voor evolutionaire veranderingen in de duur van infecties (hoofdstuk 2) en 

vice versa. Dit is een fundamenteel resultaat dat laat zien dat er door ruimtelijke patroon-
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vorming een evolutionaire koppeling (in vaktermen een trade-off ) kan ontstaan tussen 

eigenschappen die op zich onafh ankelijk van elkaar zouden kunnen evolueren.

In onze ruimtelijke simulaties blijkt dat competitie tussen verschillende mutanten van een 

ziekteverwekker zich in belangrijke mate kan afspelen op het grensvlak van verspreidings-

gebieden. In een dergelijk grensvlak kunnen de ruimtelijke patronen en ecologische con-

dities sterk afwijken van de condities binnenin een verspreidingsgebied. Uitgaan van het 

typische gedrag van infectieziekten in hun eigen verspreidingsgebied (populatiebiologen 

spreken over een evenwichtssituatie) kan dan tot verkeerde conclusies over het verloop 

van competitie leiden (hoofdstuk 3). Het is cruciaal te begrijpen wat er op het grensvlak 

gebeurt, terwijl uitgaan van evenwichtssituaties op dit moment nog steeds zeer gangbaar 

is in evolutionaire analyses.

De preventieve vaccins tegen HIV die momenteel in ontwikkeling zijn zullen waarschijn-

lijk geen bescherming kunnen bieden tegen HIV-infectie. Het is wel de verwachting dat 

het immuunsysteem van gevaccineerden beter met het virus zal kunnen omgaan, mocht 

er na vaccinatie een infectie optreden. We verwachten dat de ontwikkeling van AIDS hier-

door kan worden vertraagd, waardoor de levensverwachting verbetert. Echter, hoewel een 

dergelijk vaccin voor een individu voordelig zal zijn, hoeft  het niet voordelig te zijn voor 

de populatie als geheel: het verlengen van de seropositieve periode door de verbeterde 

levensverwachting zou immers theoretisch kunnen leiden tot een toename van het aantal 

besmettingen. 

Wij gebruikten wiskundige modellen en beschikbare gegevens over HIV verspreiding 

om te bekijken of deze vaccins een bijdrage zouden kunnen leveren aan HIV bestrijding. 

We vonden dat extra besmettingsrisico door de verbeterde levensverwachting van seropo-

sitieven gecompenseerd zou kunnen worden door verminderde besmettelijkheid. Geïnfec-

teerden die beter met het virus kunnen omgaan (en dus lagere virusconcentraties bij zich 

dragen) zijn namelijk minder besmettelijk voor anderen. Onze studie suggereert daarom 

dat deze vaccins een bijdrage kunnen leveren aan het vertragen van de verspreiding van 

HIV, mits vaccinatie plaats vindt in de vroege stadia van een epidemie (hoofdstuk 4).

Het infl uenza virus, veroorzaker van de griep, verandert door mutaties voortdurend van 

immunologische eigenschappen en kan daardoor ontsnappen aan immuniteit. De voor-

durende verandering van griep is niet elk jaar hetzelfde, soms is de verandering gradueel, 

maar er zijn ook jaren waarin er vrij plotseling een sterk afwijkend grieptype ontstaat. Wij 

kunnen deze verschillende patronen van griepevolutie (van gradueel tot sprongsgewijs) 

verklaren vanuit de interactie tussen immuniteit door antilichamen en afweercellen in 

de mensenpopulatie, en mutaties in de viruspopulatie. Daarnaast suggereert onze studie 

dat de herintroductie van de Russische griep (codenaam H1N1) in 1977 consequenties 
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heeft  gehad voor het evolutiepatroon van de veelvoorkomende H3N2 griep variant. Door 

competitie tussen deze virusvarianten via het immuunsysteem kan infl uenza-evolutie 

langzamer en meer gradueel gaan verlopen (hoofdstuk 5).

Dit proefschrift  beoogt inzicht te geven in de ruimtelijke en immunologische mechanis-

men die ten grondslag liggen aan de evolutie van infectieziekten. Het draagt bij aan het 

begrijpen van de ecologische mechanismen die bepalend zijn voor de evolutionaire res-

pons van infectieziekten tijdens uitbraken en na interventies.
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Nu ik aan het eind van mijn proefschrift  ben gekomen wil ik graag de gelegenheid benut-

ten om een aantal mensen te bedanken voor hun steun en hun inbreng in mijn onderzoek 

van de afgelopen jaren. Allereerst dank ik mijn promotoren, dr. Maarten Boerlijst en prof. 

André de Roos voor de kans en de ruimte die zij mij hebben geboden om in hun onder-

zoeksgroep en onder hun begeleiding te werken. Het is door André’s inspirerende colleges 

gekomen dat ik heb gekozen te gaan modelleren. Tijdens mijn promotie gunde André 

mij vrijheid en vertrouwen, maar was daar wanneer ik dat nodig had. Zijn slimme en 

concrete adviezen hebben, in het bijzonder in de latere fases van de werkzaamheden, mijn 

manuscripten naar een hoger plan getild. Maarten is door zijn enthousiasme, zijn hoge 

standaard en zijn creativiteit van onschatbare waarde geweest voor mijn werk. Het kan de 

welingelichte lezer niet ontgaan zijn dat dit werk op zijn onderzoek voortbouwt. Ik herin-

ner mij nog goed hoe Maarten en ik in de vroege dagen een kamer deelden, waardoor ik 

in sneltreinvaart het onderzoek werd in gezogen. Dat was een goede start, ik heb daar veel 

van geleerd. Bovenal is Maarten een goede vriend. 

Ik ben bijzonder vereerd door de gewichtige samenstelling van mijn promotiecommissie 

en wil alle leden bedanken voor hun aandacht en tegenwoordigheid.

I am greatly honored by the momentous composition of my Doctorate Commission and 

want to express my gratitude to all its members for their attention and presence. 

Tijdens de werkzaamheden aan dit proefschrift  had ik een aanstelling aan de vakgroep 

Populatiebiologie van een goedlachse prof. Maus Sabelis, onderdeel van het Instituut voor 

Biodiversiteit en Ecosysteem Dynamica. Mijn onderzoek werd gefi nancierd vanuit een 

NWO project van André de Roos. Ik ben de Rector Magnifi cus prof. mr. van der Heijden 

en het College van Bestuur van de Universiteit van Amsterdam dankbaar voor fi nanciële 

steun, waardoor ik het schrijven van dit proefschrift  kon combineren met het voorzitter-

schap van Promovendi Netwerk Nederland.

Vier leraren hebben de basis gelegd voor mijn wetenschappelijke kennis en vaardigheden. 

Rob Lingeman leerde mij rekenen. André de Roos leerde mij modelleren. Van Maus Sabelis 

leerde ik evolutionaire populatiebiologie en van Maarten Boerlijst hoe je onderzoek doet. 

En wat zij mij niet bewust hebben geleerd, heb ik bewust van hen afgekeken. Een aantal 

Nederlandse (of vrijwel Nederlandse) top-onderzoekers hebben mijn in belangrijke mate 
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geïnspireerd. De voornaamste van hen zijn Rob de Boer, Paulien Hogeweg, Hans Metz, 

Ulf Dieckmann, Hans Heesterbeek, Mirjam Kretschmar, Odo Diekmann en Minus van 

Baalen.

Het was mijn genoegen om naast het doen van onderzoek ook onderwijs te kunnen geven. 

Bij de colleges van de cursus epidemiologie, en later modelleren van biologische systemen, 

heb ik met veel verschillende studenten interessante dan wel amusante discussies kunnen 

voeren. Drie master-studenten hebben door hun afstudeer project een bijdrage geleverd 

aan dit onderzoek; Rune Bennemeer, Polly de Zwart en Tjibbe Donker. Mijn onderzoek 

met Tjibbe heeft  geresulteerd in hoofdstuk 5 van dit proefschrift . 

Het belang van een stimulerende, academische omgeving voor de kwaliteit van weten-

schappelijk onderzoek kan niet onderschat worden. Ik bedank daarom de uitstekende 

collega’s die de afgelopen jaren op de voorgrond hebben gestaan in mijn onderzoeksomge-

ving. Van theoretische zijde zijn dat (in willekeurige volgorde) Hester Korthals Altes, To-

bias van Kooten, Reinier HilleRisLambers, Karen van de Wolfshaar, Arjan van de Merwe, 

David Claessen, David Boukal, Willemijn Smal, Lea van Dijk, Mathias Spichtig, Andrew 

Vincent, John Val, André Noest, Sona Prakash, Tim van Opijnen, Daniela Bezemer, Tim 

Schellekens en Martijn Egas. Van de experimentele kant bedank ik Paulien de Bruin, Ni-

cola Tien, Tessa van der Hammen, Marta Montserrat, Sara Magalhaes, Maria Nomikou, 

Filipa Vala, Michiel van Wijk, Merijn Kant, Bas Pels (in herinnering), Aletta Bakker, Tom 

Groot, Vera Ros, Hans Breeuwer, Iza Lesna, Amir Grosman, Jan Bruin, Kees Nagelkerke, 

Arne Janssen, Alexis Onzo, Fabien Hountondji, Beata Sznajder en Egbert de Vries. Tine 

Korzilius en de mensen van het IBED burea, bedankt voor de ondersteuning. Ik denk met 

genoegen terug aan de Seminars in Ecology en Evolution commissie (waarmee ik maan-

delijkse lezingen organiseerde) voor de fi jne samenwerking bedank ik hiervoor in het 

bijzonder (naast eerdergenoemde collega’s) Katja Peijnenburg, Patrick Meirmans, Marc 

Stift  en Harm van der Geest. Binnen het Nederlandse en internationale wetenschappelijke 

circuit heb ik altijd leuk en voor mij belangrijk wetenschappelijk onderhoud gehad met 

Jacco Wallinga, José Borghans, Pleuni Pennings, Don Klinkenberg en Michiel van Boven. 

De Nederlandse gemeenschap van theoretisch biologen wordt bij elkaar gehouden door de 

Nederlandse Vereniging voor Th eoretische Biologie, en ik dank mijn mede (oud) bestuur-

ders Bob Kooij, Kirsten ten Tusscher, Marian Groenenboom, Jorn Bruggeman en Patsy 

Haccou voor de goede tijd. Ik heb de samenwerking met de jongens van het AMC, Hans 

Bogaards, Gerrit-Jan Weverling en Jaap Goudsmit, super gevonden. Mijn nieuwe collega’s 

op het RIVM ben ik dankbaar voor de hartelijke ontvangst die ik daar heb gekregen.

Wetenschap staat niet alleen, maar midden in de maatschappij. Tenminste, daar ga ik voor. 

Onderzoek en politiek gaan prima samen. Voor de geweldige eer en ervaring bedank ik 
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alle PNN bestuursleden met wie ik heb samengewerkt en alle afgevaardigden van univer-

siteiten die ik maand in maand uit ontmoette in de oude wijnkelder van Nicolaas Beets 

te Utrecht om plannen te smeden. Carrière perspectieven voor jonge onderzoekers zijn 

verbeterd en zullen in de toekomst nog verder verbeteren. Ik mocht mee maken hoe de 

beloning en arbeidsvoorwaarden van promovendi verbeterden en hoe er door aandacht 

van de Tweede Kamer voor jonge onderzoekers en door de Rubicon beurzen meer ruimte 

is ontstaan voor jong talent. Jonge onderzoekers staan nog steeds hoog op de beleidsa-

genda, zo kunnen getalenteerde studenten straks hun eigen promotie verdienen met een 

‘toptalent’ beurs. Het Intermediair Career Event zet promovendi op de kaart en slaat een 

brug van promoveren naar het bedrijfsleven (bijzondere credits voor de heren van het 

eerste uur Franck Riemer, Ewout Bolhuis en Frans Klaassen). Ik ben nog niet tevreden, 

maar wel hoopvol en heb veel vertrouwen in het nieuwe PNN team. 

Lieve Jeroen, balanceren van werk en privé blijkt moeilijker te zijn dan het schrijven van 

een proefschrift . Wanneer het tegenzat, wanneer het meezat, in Nederland, op conferentie, 

na rejections en acceptations, voor gedeelde vreugde en tegenslag was jij daar. Voor mij. 

Marijn
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Marijn van Ballegooijen was born on September 1st, 1977, in Amsterdam, Th e Netherlands. 

In the pre-university Montessori Lyceum that he attended, his favourite subjects were (you 

might have guessed…) Biology and Math!

In 1995 Marijn started studying Biology at the University of Amsterdam. He became a 

member of the institutional Education Committee, governor of the student union and, 

later, a board member of the faculty Educational Institute. He opted for a specialisation in 

ecology, which started with Prof. André de Roos’ course “mathematical models”; Marijn 

was immediately grasped by this complex world of modelling. All other courses and 

themes attempted thereaft er (paleobiology, molecular biology, immunology etc.) paled in 

comparison with this ideal combination between Math and Biology. In 1998, he moved 

for a year to scenic Enschede (Th e Netherlands) to study at the International Institute for 

Geoinformation Science & Earth Observation, where he applied himself to interpreting 

maps and satellite images and to the ecological problems of developing countries. Th is 

resulted amongst other things in a research period on vegetation in Burkina Faso (Af-

rika), as well as in a project for the World Bank creating ecological maps using satellite 

imagery.

Back in Amsterdam, the old love for biomath stirred again and Marijn was very pleased 

to start a scientifi c project at the Institute for Biodiversity and Ecosystem Dynamics of the 

University of Amsterdam (with Dr. Maarten Boerlijst). Aft er graduating with honours in 

2001, he continued his scientifi c activities within the same institute, where he worked on 

a PhD project that focused on evolution and ecology of infectious disease. Th e volume 

before you is the result of his PhD project. During his PhD period, he was treasurer of the 

Dutch Society for Th eoretical Biology (NVTB) and coordinator of the Seminars in Ecol-

ogy and Evolution. Doing research goes hand in hand with sharing knowledge: Marijn 

enjoyed lecturing for the courses epidemiology and modelling biological systems. 

In this busy era, Marijn was politically active within the national political interest organi-

sation for graduate students, the PhD Network of Th e Netherlands (PNN). As chairman 

of this organisation, he strained to improve career perspectives for young researchers and 

lobbied parliament, government and university organisations to draw attention to this 

cause. His eff orts led to government funded research into careers in science. He also su-

Marijn BW.indd   85Marijn BW.indd   85 03-10-2006   17:23:5803-10-2006   17:23:58



86

Biography

pervised an inquiry into common bottlenecks in PhD projects, and was involved in the 

creation of the new Dutch Rubicon funding structure for young researchers. Together with 

VNU Intermediar and YER he initiated the annual Intermediair PhD Career Event, during 

which young doctors are off ered a way into industry.

Aft er fi nishing this thesis, Marijn was appointed as a scientifi c researcher at the Centre for 

Infectious Disease Epidemiology of the Dutch National Institute for Public Health and the 

Environment (RIVM). His research interests are the interaction between epidemiologi-

cal and evolutionary processes, spatial patterns and combining models with (molecular) 

data. In March 2006, he was elected to the city council of ZuiderAmstel, his city district 

in Amsterdam. Marijn’s drive and diversity led him to become a creative scientist and a 

thorough politician.

 Jeroen Geurts, 2006
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Marijn van Ballegooijen werd geboren op 1 september 1977 in Amsterdam en groeide 

op in de Bijlmermeer. Hij volgde het Montessori Lyceum van 1989 tot 1995 en had als 

lievelingsvakken (hoe raadt u het zo): biologie en wiskunde!

In 1995 begon Marijn aan zijn studie biologie aan de Universiteit van Amsterdam. Hij 

werd lid van de opleidingscommissie, bestuurslid van de studievereniging, en was later 

student-bestuurder in het onderwijsinstituut. Na het behalen van de propedeuse in 1996, 

koos hij voor de studierichting ecologie. Die studie startte met de cursus “mathemati-

sche modellen” van prof.dr. André de Roos en Marijn werd meteen gegrepen door deze 

complexe modellenwereld. Alles wat daarna nog aan onderwerpen werd geprobeerd 

(paleobiologie, moleculaire biologie, immunologie en dergelijke) stak fl ets af bij deze 

ideale combinatie tussen wiskunde en biologie. In 1998 vertrok hij voor een jaar naar 

het pittoreske Enschede voor een studie aan het International Institute for Geoinformation 

Science & Earth Observation, alwaar hij zich toelegde op het interpreteren van kaarten en 

satellietbeelden en de ecologische problematiek van ontwikkelingslanden. Dit resulteerde 

o.a. in een buitenlandse vegetatie onderzoek in Burkina Faso (Afrika) en een klus bij een 

Wereldbankproject voor het maken van ecologische kaarten.

Eenmaal terug in Nederland, roerde de oude liefde voor biomathematica zich opnieuw en 

Marijn begon met veel plezier aan zijn stage aan het Institute for Biodiversity and Ecosystem 

Dynamics van de Universiteit van Amsterdam (Dr. Maarten Boerlijst). Na het cum laude 

behalen van zijn doctoraal in 2001, zette hij zijn werkzaamheden binnen dit instituut 

voort in de vorm van een promotieonderzoek, met als thema de evolutie en ecologie van 

infectieziekten, waarvan het proefschrift  voor u het resultaat is. Tijdens zijn promotieon-

derzoek was hij penningmeester van de Nederlandse Vereniging voor Th eoretische Biolo-

gie. Onderzoek doen gaat hand in hand met kennis delen: Marijn gaf hij met veel plezier 

onderwijs bij de cursussen epidemiologie en modelleren van biologische systemen. 

Gedurende deze drukke onderzoeksperiode is Marijn politiek actief geweest binnen de 

nationale belangenbehartiger voor promovendi, het Promovendi Netwerk Nederland 

(PNN). Als voorzitter van deze organisatie koos hij de carrièreperspectieven van jonge 

onderzoekers als beleidsfocus en lobbyde hij bij de overheid en bij verschillende universi-

teitsorganisaties om dit onderwerp te agenderen. Zijn inspanningen leidden tot de fi nan-
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ciering van onderzoek naar loopbanen in de wetenschap en hij begeleidde onderzoek naar 

knelpunten bij promoties. Hij droeg bij aan de instelling van de Rubiconbeurzen. Tevens 

stond hij aan de wieg van de nu jaarlijks georganiseerde Intermediair PhD Career Event. 

Na de afronding van zijn promotieproject werd Marijn aangesteld als onderzoeker aan het 

Centrum voor Infectieziekten Epidemiologie van het Rijksinstituut voor Volksgezondheid 

en Milieu. Zijn favoriete onderzoeksthema’s zijn de interactie tussen epidemiologische 

en evolutionaire processen, ruimtelijke patronen en het combineren van modellen met 

(moleculaire) data. In maart 2006 werd hij gekozen tot Raadslid voor de PvdA, deelraad 

ZuiderAmstel. Marijns gedrevenheid en veelzijdigheid maken van hem een creatieve we-

tenschapper en een grondige politicus.

 Jeroen Geurts, 2006
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Chapter 2, Fig. 2 Spatial patterns in the contact network for various combinations of infection rate β and 

infection period τI. Colors represent the following: gray, susceptible; red, infected; blue, resistant. (A) Local-

ized disease outbreaks are self-limiting in size for τI = 1.0 and β = 0.3. (B) Turbulent waves for τI = 0.5 and 

β = 1. Here, infection waves are narrow, and occasionally waves break and new wave centers are formed. (C) 

Th e transition between turbulent and regular waves, τI = 0.3 and β = 2.75 (R0 = 6.6), to which evolutionary 

trajectories are drawn. (D) Stable spiral waves for τI = 0.7 and β = 4.2. Th ese waves are broad and do not 

easily break, resulting in periodically reoccurring infection waves. Grid size for all panels is 75 × 75. In all 

results presented, τR was set to unity.
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Chapter 2, Fig. 3 Evolutionary trajectories follow paths of increasing outbreak frequency. (A) Evolutionary 

trajectories of evolution of infection rate and infection period. Circles represent the initial pathogen traits 

for nine simulations. Th e trajectories represent the change in the mean infectiousness and infection period. 

Mutation rate is set at μ = 0.01, mutation stepsize is, ±Δβ = 0.01 and ±ΔτI = 0.01. Maximum infection rate 

was set at β = 4. Regardless of initial conditions, evolution proceeds to and along an emergent trade-off  

relationship between infection rate and infection period. Th is trade-off  can be described by R0 = 8βτI = 6.6 

(gray curve). (B) Outbreak frequency was measured by the average frequency at which hosts are infected. 

Outbreak frequency increases from blue to green, yellow, orange, and red. Th e emergent trade-off  (gray 

curve represents R0 = 6.6) corresponds to a ridge of high outbreak frequency. In the white area, for R0 of 

approximately < 1.6, simulations lead to pathogen extinction. Th is raised existence threshold (in the non-

spatial model, the threshold is R0 = 1) is caused by local self-shading of infected hosts (Levin & Durrett 

1996). Results shown are for a 120 × 120 grid. 
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Chapter 2, Fig. 4 Evolutionary dynamics. Th e evolutionary trajectory (black line) represents the change in 

the population’s mean infection rate and infection period over time (same as Fig. 3). Point clouds represent 

all pathogen types present in the 120 × 120 grid at one time. Th e point clouds are plotted every 5,000 

time units to give an indication of the temporal dynamics of the evolutionary process. During evolution, 

pathogen diversity is low; typically only two and three step mutants are present. Relaxation to the R0 = 6.6 

emergent trade-off  line (gray line) is relatively fast, whereas progression along the line is much slower. Th is 

result occurs because, along the trade-off , traveling waves are relatively stable, slowing down the spread of 

new genetic information through the system. 
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Chapter 2, Fig. 5 An illustration of the mechanism of selection for outbreak frequency. (A) Two “cities”, 

numbered 1 and 2, emit infection waves at frequency f1 = 0.625 and f2 = 0.5, respectively. In contrast to our 

full spatial model, where outbreak frequency is a result of spatial pattern formation and depends on infection 

rate and infection period, these defi ned “city areas” simply periodically infect all hosts directly surrounding 

them. Th e cities diff er only in outbreak frequency and have identical pathogen genotypes, with infection rate 

β = 3 and infection period τI = 0.3. Colors are gray for susceptible hosts, red and blue for infected and resistant 

hosts from city 1, and magenta and cyan for infected and resistant hosts from city 2 (t = 7). (B) At t = 75, the 

waves from city 1, with the higher outbreak frequency, have completely taken over the area between the 

two cities. Th e takeover process can be visualized by plotting a horizontal cross section through both cities 

against time (C). Th e observed displacement speed can be accurately quantifi ed by v(f2 − 1 − f1 − 1)/(f2 − 1 + 

f1 − 1) (dashed line), where v is the speed of the infection waves (Zaikin & Zhabotinsky 1970). Grid size is 

120 × 400 cells. 
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Chapter 2, Fig. 6 Evolutionary optimization along explicit trade-off s. Red lines represent trade-off s, i.e., 

combinations of infection rate and infection period to which evolution is constrained. Green stars indicate 

maximal number of secondary infections (i.e., maximal R0). Black dots indicate the endpoint of evolution-

ary simulations. Outbreak frequency is indicated by the gray shaded area. Th e emergent trade-off  at R0 = 6.6 

is shown by a blue dashed line. (A) Evolution along a linear trade-off  between infection rate and infection 

period leads to evolutionary optimization close to maximum outbreak frequency. (B) Selection for outbreak 

frequency can limit evolution for increased infection rate and infection period, even when these traits are 

positively correlated. (C) Nonlinear trade-off  curves that result in multiple local frequency optima give rise 

to alternatively stable evolutionary attractors. Results shown are for a 120 × 120 grid. 
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Chapter 2, Fig. 7 Evolutionary trajectories for a stochastic infection period. (A) Evolutionary trajectories, 

representing the change in mean infection rate and infection period, resulting from using a lognormally 

distributed (stochastic) infection period. Vertical axis represents the lognormal distribution mean; standard 

deviation was set at 0.1. Evolution again proceeds to and along a hyperbolic trade-off  relationship between 

infection rate and infection period, but this time the emergent trade-off  is located at R0 = 7.6 (black curve). 

Th e gray curve indicates R0 = 6.6 for comparison. (B) Th e shift  in the emergent trade-off  corresponds to 

changes in the frequency landscape. Th e emergent trade-off  can be shift ed even further by increasing the 

standard deviation of the lognormal distribution. Parameters and colors are as in Fig. 3; results shown are 

for a 120 × 120 grid. 
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Chapter 3, Fig. 1 Snapshots of the spatial pattern for diff erent mutation probabilities μ. Dark blue repre-

sents immune hosts, black represents susceptible hosts. Th e colour gradient ranging from green through 

yellow to red indicates the length of the infection period of infected hosts. (a) For small mutation prob-

ability (μ = 0.005) the spatial pattern is characterized by spiral shaped travelling waves of short infections . 

(b) For high mutation probability (μ = 0.05) the lattice shows a mosaic of two types of spatial pattern. Some 

areas show spiral shaped travelling waves with a range of infection periods, whereas other areas have a fi ne 

grained turbulent pattern with long infections. Transmission rate was set at β = 4, lattice size is 200 × 200. 
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Chapter 3, Fig. 2 Emergence and decay of turbulent interface patterns. Th e fi gure shows two snapshots of 

a 60 × 60 lattice taken with an interval of 50 time units. At the interface of spiral waves with long and short 

infections a fi ne-grained turbulent interface pattern can emerge. Within this interface pattern, pathogens 

that cause long infections have a competitive advantage. Th e transient pattern can expand at the sides, 

where the diff erence between pathogen genotypes at the interface is large. In the centre, in the absence of 

diff erences in infection period, the turbulence resettles into a spiral wave pattern. Here, selection leads to 

shorter infection periods. 
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Chapter 3, Fig. 5 Bifurcation diagram with the distribution of pathogen infection periods as a function of 

the mutation probability. Colour intensity stands for the long term average density of a particular infection 

period found in simulations with a specifi c mutation probability. (a) Mutation probability is started at 

μ = 0.002 and increased by 0.002 aft er each 400 time units. (b) Mutation probability is started at μ = 0.03 

and decreased by 0.002 aft er each 400 time units. For each mutation probability, the average distribution of 

infection periods was measured between 200 and 400 time units. Transmission rate was set at β = 4, lattice 

size is 200 × 200.  
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Chapter 4, Fig. 1 Flow diagram of the disease progression and dynamics of HIV-1 transmission for model 

equations (1-7). Susceptible individuals (S) enter the population with fi xed rate B. Newly infected individu-

als move into a primary infection phase (P), a fraction ν of which is prior vaccinated (Pv); the per capita 

force of infection λ is given by equation 8. Non-vaccinated individuals move into the chronic infection 

phase with rate δP, and they can enter this phase with low (L), intermediate (M) or high (H) viremia, with 

probabilities fL, fM and fH. Prior vaccination induces a potent CTL response, and as a result vaccinees enter 

the chronic infection phase always with low viremia (L), with rate δPv. During the chronic infection phase, 

individuals move from low to intermediate to high viremia with rates δL and δM. Alternatively, individuals 

with low, intermediate and high viremia can acquire AIDS with rates αL, αM and αH. We assume that AIDS 

patients are no longer sexually active, and thus do not contribute to the force of infection λ. All model 

classes experience outfl ow rate μ for background mortality or termination of risky sexual activity (not 

shown in diagram).  
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Chapter 4, Fig. 2 HIV-1 epidemic in case R0 = 3, starting with P = 0.1% and S = 99.9%. Th e upper curve 

represents the total population size; the diff erence with the initial population size is due to AIDS-related 

mortality. Diff erent colours represent the diff erent model compartments as fractions of the initial popula-

tion size; from left  to right: uninfected (S, green), primary HIV-1 infected (P, blue), chronically infected 

with low (L), intermediate (M) and high (H) viremia (increasing shades of red) and AIDS (A, black). During 

the fi rst fi ft een years, only a very small part of the population is aff ected by HIV-1 infection. Th e second 

fi ft een years shows rapid infection of a large part of the population, but the total population size is relatively 

unaff ected, as most infected individuals are still asymptomatic. From year thirty onwards, high AIDS mor-

tality decreases population size dramatically. 
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Chapter 4, Fig. 3 Eff ects of vaccination on population dynamics. In panels a and b, the black line repre-

sents a scenario without vaccination. Other lines represent dynamics aft er diff erent starting points (arrows) 

of mass vaccination. Green indicates immediate vaccination at 0.1% prevalence at start of epidemic; red 

indicates vaccination aft er 10 years at 1% prevalence; blue indicates vaccination aft er 20 years at 10% preva-

lence: magenta indicates vaccination aft er 28 years at 41% prevalence. (a) Total population size (relative 

to S0). Th e later vaccination is initiated in an epidemic, the less it will retard the epidemic stage at which 

the population shrinks rapidly due to AIDS–induced mortality. (b) Th e incidence rate of HIV-1 infection 

(number of new infections per year). Th e later vaccination is initiated in an epidemic, the less it will curb 

the spread of HIV-1. 

a

b

Marijn BW.indd   102Marijn BW.indd   102 04-10-2006   12:37:4604-10-2006   12:37:46



Colour images

103

0

2

4

6

8

10

12

14

16

G
ai

n 
in

 p
er

so
n-

ye
ar

s

10 20 30 40 50 60 70
Start of vaccination

Chapter 4, Fig. 4 Eff ects of vaccination on actual time spent in sexually active population. Th e upper curve 

shows the gain in person-years that individuals spend in the population over the fi rst 75 years of the epi-

demic, starting when the prevalence was 0.1%. Th is is calculated relative to a scenario without vaccination 

and plotted for diff erent starting points of mass vaccination. Blue area is the gain caused by the improve-

ment of prognosis. Red area is the gain caused by reducing the spread of HIV-1. Th e gain in person-years 

decreases with postponement of vaccination. Aft er the peak in incidence (Fig. 3b), the population eff ect of 

vaccination has diminished, and only the individual eff ect remains. 
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Chapter 5, Fig. 1 Evolution of infl uenza A H3N2 in the period 1968-2005, showing the accumulation of 

mutations in the antigenic HA1 region of hemagglutinin over time. We distinguish between amino acid 

changes and silent substitutions. Th e vertical axis expresses the phylogenetic (patristic) distance of infl uenza 

isolates to a 1968 reference strain (A/Bilthoven/16190/68). We used the dataset from Smith et al. (2004). 

For every year, circles show the mean distance from the strains of a particular cluster to the reference strain, 

circle size represents the fraction of isolates sampled during the year that is assigned to the cluster.  
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Chapter 5, Fig. 2 Antigen-specifi c cross-immunity leads to antigenic drift . Th e dynamic pattern of this 

drift  depends on R0 and on the fraction of the host population that is at risk to infection. (a) When the 

entire host population is at risk to become infected, and at R0 = 6, each outbreak is caused by an antigeni-

cally distinct cluster. Th is behavior was also observed by Gog and Grenfell, 2002. (b) When only 30% of 

the population is at risk, and at R0 = 4, we observe antigenic clusters that cause multiple outbreaks, before 

being replaced by the next cluster. (c) With 20% at risk, and at R0 = 2, the evolutionary pattern changes to 

continuous antigenic drift , although in the initial phase some transient cluster-like jumps can be observed. 

Parameters are h = 10 and μ = 10−6, simulations were initialized with Si and Zi in equilibrium. 

A

B

C
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Chapter 5, Fig. 4 Competition between serotypes can reduce the genetic drift  rate and can change the 

cluster dynamics toward continuous change. From 1977 until 1992 we implicitly include a competitor 

strain. Th is competitor strain induces strain-transcending immunity in susceptible hosts at rate k = 1 

(k = 0 otherwise). Note the period of low prevalence directly following the introduction of the competitor. 

Parameters are h = 10 and μ = 10−6 and R0 = 3, model uses equations 4-6.  
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