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The spread of sexually transmitted infections (STIs) is complex. It depends on the inter-

play between the sexual behaviour of individuals, their sexual network, and on pathogen

characteristics. Behaviour of individuals is affected by other individuals and by pathogens,

and in turn, spread of pathogens is affected by behaviour of individuals, and also by

pathogens. The aim of this thesis is to gain insight into mixing patterns that are present

in different populations, the effect of these patterns on the spread of STIs, the interaction

between pathogens, and infectious disease progression and outcome. Infection spread was

studied with epidemiological and statistical models. Mathematical models were used to

study components of infection dynamics, by isolating specific mechanisms in a theoretical

setting. Mathematical and epidemiological methods were also used to study pathogen

interactions and disease outcome. Molecular epidemiology was used to provide insight

into transmission networks and relate observed patterns to epidemiological characteristics

of the population, in order to identify subpopulations. A multidisciplinary approach in

which epidemiology, statistical modelling, mathematical modelling, and basic science are

combined is key to understanding how infections spread through sexual networks and pro-

vides insights that are needed to develop effective prevention strategies. In this chapter,

the main results are summarized, the interpretation of these findings and implications for

prevention, and future research directions are discussed.

Sexual network structure and pathogen transmission

Sexual orientation

One of the most important and strongest factors that structure the sexual network is sex-

ual orientation. The majority of individuals are heterosexual, others identify themselves

as homosexual (i.e. individuals who exclusively have sexual contacts with same-sex part-

ners) or bisexual (i.e. individuals who have sexual contacts with men and women). The

National Health Interview Survey (NHIS) 2013 in the United States found a distribution

of 96.6% being heterosexual, 1.6% being homosexual, and 0.7% being bisexual.1 Among

men participating in the National Survey of Sexual Attitudes and Lifestyles (NATSAL-3)

in the United Kingdom, 97.1% were heterosexual, 1.5% homosexual, and 1.0% bisexual.2

In Amsterdam, the proportion of men who have sex with men (MSM) is much higher;

estimates from the Amsterdam Health Monitor 2012 indicate that 9% of men are homo-

sexual and 1% bisexual.3 Differences between NHIS and NATSAL data and Amsterdam

estimates might reflect methodological differences, differences between study populations

(i.e. general population samples and an urban sample), cultural differences, and migration

of MSM into Amsterdam.

There seem to be two segregated sexual networks, one for MSM and one for heterosexuals.

In theory, bisexual men might form a bridge population that connects the sexual networks

of heterosexuals and MSM. The capacity of forming this bridge for STI spread depends on

the population sizes and on sexual behaviour of bisexuals with men and women. Molecular

epidemiology and cluster analysis of Chlamydia trachomatis isolates showed that geno-

types among heterosexuals differ from genotypes among MSM, and that there was only
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minimal overlap between clusters.4, 5 Bisexual MSM were found both in heterosexual and

in MSM-specific C. trachomatis clusters. It was shown that although bisexuals, based on

their behaviour, might form a bridge population, the risk of transmitting C. trachomatis

between the two sexual networks was very low.

There are several explanations for the observed patterns. The first is that the bisexual

population is relatively small, and that due to stochastic effects, the introductions of

heterosexual- or MSM-related strains have not led to spread in the other population. The

second possibility is that sexual risk behaviour of bisexuals with either heterosexuals or

MSM is too low. This is supported by a German study in which bisexuals reported a

relatively low number of unprotected anal contacts with men,6 which is the most im-

portant transmission route among MSM. The third possibility involves tissue tropism,

where specific strains are adapted to the environment, resulting in strains that favour the

rectum and strains that favour the genital system of women, reducing the sustainability

of pathogens in unfavoured environments. Evidence supporting this hypothesis has not

been found.7 The fourth explanation is that basically only the urethral infections of bi-

sexual men are important for transmission between the two populations, because male

anal infections are difficult to transmit to women. Urethral infections in males are more

often symptomatic than rectal infections, which increases the likelihood of diagnosis and

decreases the duration of infection, and thus the transmission potential.

Compared to heterosexuals, the prevalence of STIs and human immunodeficiency virus

(HIV) is high among MSM. In affluent countries, the prevalence of C. trachomatis is

approximately 2% among adults.8, 9 Neisseria gonorrhoeae and HIV are also endemic

among heterosexuals, but at much lower rates than among MSM.10 A recent mathemat-

ical model showed that Neisseria gonorrhoeae cannot be sustained in most heterosexual

populations.11 The differences in prevalence are partially caused by differences in sexual

risk behaviour, for example, MSM have more sexual partners, and also more concurrent

or overlapping partnerships than heterosexuals.12, 13 Furthermore, HIV and most STIs

are more easily transmitted by unprotected anal intercourse (UAI) than by other sexual

techniques (Chapter 1, Table 1).

Demography

Demographic characteristics are important factors in epidemiological research; factors such

as age and ethnicity might be major determinants or modifiers, and affect the spread of

infectious diseases. The sexual network can be seen as a subnetwork of the social network.

Assortative mixing patterns are important in social networks. Most social contacts occur

with individuals of approximately the same age, at home, and at work/school,14, 15 and

between individuals with the same ethnic background.16 This indicates that there are

assortative mixing patterns with respect to age, ethnicity, and also socio-economic status.

As a consequence, it seems plausible that this is also true for the sexual network. In this

section, the role of age, ethnicity, and subculture in relation to the sexual network are

discussed.

251



6

Age Mixing patterns with respect to age differ between heterosexuals and MSM. Most

heterosexuals select sexual partners of approximately the same age, causing assortative

mixing patterns on population level. The median age difference between partners reported

in the Heterosexual Network Study, that consisted of men and women recruited at the STI

outpatient clinic of the Public Health Service in Amsterdam, was 0 (interquartile range

[IQR] -3;3) years (Chapter 2.1). Results corresponded to observed mixing patterns in the

general heterosexual population of the United Kingdom.17 There are small differences in

partner selection of women and men; women tend to select men who are slightly older and

men are less likely to select older women.17–19 This is important for STI spread, because

in theory, when individuals only select partners of the same age, a pathogen introduced in

one of the birth-cohorts will eventually go extinct together with the birth-cohort. Partner

selection by older individuals is less strongly determined by age, and thus the assortative

mixing patterns in the higher age categories are less strong.19 Once in a partnership,

age difference is a determinant of unsafe sexual contact. Sexual risk is higher when age

difference between partners is small (Chapter 2.1) and when the female is older than the

male.20–24

Among MSM, age differences are less important for partner selection; the median age

difference (calculated by subtracting age of the youngest partner from the oldest part-

ner) in partnerships in the MSM Network Study was approximately 6 years. The effect

of age difference on unsafe sexual contact, once in a partnership, also differs from that

of heterosexuals. For HIV-negative MSM it was found that UAI was more likely to oc-

cur when the age difference was larger. Among HIV-infected MSM, age difference was

not a significant determinant of UAI (Chapter 3.1). Partner selection and sexual risk

behaviour might fluctuate during the life course of MSM and result in complex mixing

patterns with respect to age. It has been shown that young MSM are more likely to

have UAI with partners of the same age, and the risk of UAI decreases when age differ-

ences increases. The risk of UAI increases again when one of the partners is much older.25

Mixing patterns for age affect the spread of STIs and HIV in the population, and a certain

degree of mixing is needed for the survival of pathogens. It has been shown that females

with older partners have an increased risk of being infected with STIs and HIV.26, 27 The

highest prevalence of C. trachomatis is found among young individuals,28, 29 which corre-

sponds to the age category in which most partner changes occur. There also might be

increasing immunity with age. There is evidence that age is negatively associated with

C. trachomatis acquisition,30 the duration of ocular infection decreases with age,31 and

that screening strategies might counteract the development of population immunity for

C. trachomatis.32, 33

Among MSM, cluster analysis of C. trachomatis and N. gonorrhoeae isolates that were

linked to epidemiological characteristics of the participant did not reveal any correlation

between infection type and age, supporting the finding that age mixing is rather random

among MSM (Chapter 4.1-2). A recent study from the Netherlands, that examined the
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existence of HIV genotypes over time, found several persistent clusters with ongoing trans-

mission, established in the pre-cART era, and found evidence that older individuals pass

on their HIV subtypes to younger individuals.34 The increasing median age of the HIV-

infected MSM population that is observed in the Netherlands might be due to increased

survival since the availability of effective combination antiretroviral therapy (cART), and

not due to decreased transmission to younger MSM.35

Ethnicity Ethnicity is also important for partner selection, and influences the shape of

the sexual network. Individuals with the same ethnic background are more likely to be

in the same social network than individuals with discordant ethnicity.16 This suggests

that ethnicity might also be important for sexual partner selection. Among heterosexuals

recruited at the STI clinic in Amsterdam, the majority of steady and casual partnerships

were with partners of the same ethnic background. Unsafe sexual contact was more likely

to occur in ethnic concordant than in ethnic discordant partnerships (Chapter 2.1). In

agreement with other Dutch studies, ethnic concordance was more common than what

can be expected by proportionate mixing,36, 37 but disassortative mixing patterns, espe-

cially among second generation migrants, might be strong enough to facilitate STI and

HIV transmission between ethnic groups in the Netherlands.38 The highest C. trachoma-

tis prevalence (17.9%) was observed among participants of Surinamese and Antillean

background (Chapter 2.2), which is in accordance with general population estimates.

A large screening campaign among young sexually active individuals in the Netherlands

found a prevalence of 2.6% among ethnic Dutch males and 9.6% among Surinamese/An-

tillean/Aruban males.39 The same trend was observed for N. gonorrhoeae, where the

prevalence was 7.2% and 0.8% respectively.

The Surinamese and Antillean population is one of the largest minority populations in

Amsterdam.40 Suriname has a multi-ethnic society (i.e. descendants of Africa, Asia, and

Europe) and close links with the Netherlands, making it an interesting country to study

mixing patterns. Seventy-five percent of the population belongs to one of the four largest

ethnic groups (i.e. Hindustani, Creoles, Maroons, and Javanese),41 and 55% of the in-

dividuals only engaged in concordant ethnic partnerships, suggesting strong assortative

mixing patterns.42 Ethnic assortative mixing patterns can have a major effect on the

spread of STIs and HIV, and cause endemic prevalence differences between ethnic groups.

For highly transmissible pathogens, very high levels of assortative mixing are needed be-

fore pathogen transmission is restricted to subpopulations. Data from Suriname shows

that despite the assortative mixing patterns, all C. trachomatis genotypes spread through

all ethnic groups.42 It was also shown that Surinamese individuals travelling between

Suriname and the Netherlands did not form a bridge population for C. trachomatis,43

suggesting that the high prevalence among Surinamese individuals is not explained by

introductions from the country of origin.

In chapter 2.2, it was shown that higher sexual risk behaviour was not independently

associated with the high prevalence of C. trachomatis among Surinamese/Antillean clinic
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attendees, but their lower socio-economic status was. This effect might be (partially)

caused by selection bias resulting from the recruitment of STI clinic attendees, who might

not be representative for the general population. The observed prevalence differences

might also be caused by mechanisms that relate to socio-economic status. Lower health-

seeking behaviour might be one of these mechanisms.44 Together with assortative mixing

patterns, it might explain the increased prevalence in the Surinamese/Antillean popula-

tion in the Netherlands. Individuals might be less aware of their risks, and due to lower

health-seeking behaviour, they are less likely to be tested, diagnosed, and treated when

asymptomatic. Due to assortative mixing, infections are passed on to someone in the

same subpopulation, who also is less likely to be treated, increasing the mean infectious

period in the subpopulation, which leads to a higher endemic prevalence.

Prevalence differences between ethnic groups are observed world-wide. In the United

States, African-Americans are more likely to be infected with STIs and HIV than indi-

viduals from other ethnic groups.45 These differences are also not explained by higher

sexual risk behaviour of the individuals. It was even found that the White population had

the highest risk behaviour.46 The structure of the sexual network, especially assortative

mixing patterns within ethnic groups, might be important,47, 48 and have been observed

among African-American MSM.49, 50 Combined with disassortative mixing by risk group

within the ethnic group (i.e. low-risk individuals mixing with the core-group), ethnic as-

sortative mixing patterns can explain the increased prevalence of HIV and other STIs.47

Morris et al. attributed the observed prevalence differences of HIV and other STIs between

ethnic groups in the United States to a combination of assortative mixing by ethnicity

and differences in levels of concurrency (i.e. overlapping partnerships).48

Among MSM attending the STI clinic in Amsterdam, ethnic assortative mixing patterns

were not observed. Approximately half of the partnerships were concordant (Chapter

3.1) and the prevalence of C. trachomatis and N. gonorrhoeae did not differ significantly

between Dutch and non-Western MSM in the MSM Network Study (unpublished data).

Ethnicity was not a significant determinant of UAI in HIV-infected MSM in Amsterdam.

Among HIV-negative MSM, unsafe sexual contact was more likely in concordant non-

Dutch and discordant partnerships than in concordant Dutch partnerships (Chapter 3.1).

Unsafe sexual practices and increased HIV risk have been related to MSM from ethnic mi-

nority populations50–53 and linked to ’double minority stress’ due to racism and stigma.54, 55

For the studies in this thesis, MSM were recruited at the STI clinic in Amsterdam, where

MSM from ethnic minority populations are underrepresented,56 which might be due to

lower health-seeking behaviour.44 Sexual risk behaviour and STI and HIV prevalence are

unknown in the hidden ethnic minority populations, thus, it is not known if the same mech-

anisms apply to the general and different ethnic minority MSM populations in Amsterdam.

Biological components might also play a role in the mechanisms that lead to prevalence

differences between ethnic groups. Genetic differences might cause differences in sus-

ceptibility, infectiousness, and natural clearance rates. Such a phenomenon is seen for
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the treatment effect of interferon-based therapies for hepatitis C virus (HCV) infection.

Individuals of European ancestry have higher successful treatment rates than individu-

als of African ancestry. Approximately half of the observed difference is explained by

a favourable interferon lambda 3 (IFNL3) genotype (formerly named interleukin 28 B),

which is much more common among Europeans.57

Subculture The fashion style, the books someone is interested in, the movies someone

likes, and the subculture someone belongs to might all be determinants or markers for

sexual partner selection, either directly, because it influences attractiveness, or indirectly,

because it determines in which social or sexual network someone participates. Subcul-

tures are usually identifiable by clothing or music. Examples are the Gothic, Skater, and

Leather subcultures. Despite the fact that such characteristics make individuals easy to

identify, and might be determinants of sexual risk behaviour and STIs or HIV, and thus,

might be important for public health purposes, studies assessing behaviour or risk based

on subculture are scarce.

In the MSM population, there are several identifiable subcultures that are related to sex-

ual preferences (i.e. the leather, rubber & lycra, and bear subcultures) (chapter 4.3).

MSM belonging to these subcultures can be recognised by their appearance, when they

cluster together in bars, clubs, at parties, or in other meeting venues. An epidemio-

logical study from the United States, about the behaviour of leather men, showed that

inconsistent condom use in both HIV-negative and HIV-infected MSM in this subculture

was common, and that the HIV prevalence was 1.6 times higher compared with non-

leather men.58 These results are in accordance with the findings among HIV-infected

MSM of the Network Study, in which the leather, rubber & lycra, and jeans subcultures

were identified as high-risk subcultures, as described in chapter 4.3. The increased risk

for STIs was reflected by their increased risk of HCV seropositivity. Antibodies against

HCV were found in 26.1% of the leather men, 31.6% of the rubber & lycra MSM, and

19.9% of the jeans MSM, while 11.4% of the non-subculture MSM were HCV seropositive.

In the study, MSM had the opportunity to indicate that they belonged to several of the

subcultures, and especially the men in the identified high-risk subcultures did so; they

reported that they belonged to multiple high-risk subcultures. This suggests that there

were no strong assortative mixing patterns within the high-risk subcultures, and that the

boundaries between the high-risk subcultures might be vague. Phylogenetic and cluster

analysis of the HCV isolates confirmed that assortative mixing patterns were not present,

because spread of the different HCV genotypes was not related to the separate subcultures.

This suggests that the leather, rubber & lycra, and jeans subcultures might be part of

a closely connected core-group with increased sexual risk behaviour and an increased

prevalence of HCV and other STIs. MSM in the identified high-risk subcultures reported

higher numbers of partners and increased sexual risk behaviour (i.e. UAI, fisting, group

sex, and drug use) with partners (Chapter 4.3). Due to the presumed low transmission

probability of HCV by sexual contact, it might predominantly spread in this high-risk or
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core-group.

HIV

In affluent countries, HIV predominantly spreads among MSM. Since the start of the

outbreak in the early 1980s, the fear for HIV has affected partner selection and sexual

risk behaviour with partners in this population. After an initial decrease in sexual risk

behaviour,59 risk perception changed due to the availability of cART, and risk behaviour

increased again.60, 61 MSM have developed seroadaptive strategies in which HIV status is

used in partner selection and sexual decision-making regarding engagement in UAI.62, 63

In the MSM Network Study, 38.5% of the partnerships of self-perceived HIV-negative

MSM were perceived as HIV concordant and 4.6% as discordant. Among HIV-infected

MSM, 43.6% of the partnerships were perceived as concordant and 11.1% as discordant.

In the remaining partnerships, HIV status was not disclosed (Chapter 3.1). It is unknown

whether the information about the partners’ HIV status was obtained by explicit disclosure

or whether it was based on assumptions about seroconcordance.

Discordant partnerships or partnerships with unknown HIV status are not necessarily risky

with respect to HIV transmission, because this mainly depends on the actual practice

of UAI. Within partnerships, perceived HIV status was the most important determinant

in the decision to practice UAI. Compared to not having UAI, the odds ratio (OR) for

HIV-negative MSM to have receptive UAI with a discordant partner was 0.49 (95% CI

0.28-0.86) and the OR for HIV-infected MSM to have insertive UAI with a discordant

partner was 0.24 (95% CI 0.13-0.45), which suggests that perceived HIV status was used

in the decision-making to have UAI (Chapter 3.1). From the literature it is known that

approximately 25% of the MSM report serosorting,64–66 and that this strategy is more

often used with known casual partners than with one-night stands.63

A second important seroadaptive strategy is seropositioning, in which the insertive or

receptive role is chosen during anal intercourse based on HIV status.66 Again, in theory,

this strategy reduces the risk of HIV transmission, as the risk of acquiring HIV during in-

sertive UAI is 10 fold lower than during receptive UAI.67 Additionally, information on viral

load and on treatment status are used in seropositioning and in sexual decision-making in

general.68, 69 In the MSM Network Study, there was evidence of seropositioning, as the

OR for HIV-negative MSM in discordant couples to have insertive UAI was higher than

the OR of receptive UAI (Chapter 3.1).

The efficacy of seroadaptive strategies in preventing HIV transmission mainly depends

on the accuracy of knowledge about one’s own HIV status, which depends on HIV test-

ing frequency,70–72 and disclosure of HIV status within a partnership.73 It has been

shown that approximately 30% of both HIV-negative and HIV-infected MSM who re-

ported serosorting, were actually seroguessing; the partners’ perceived serostatus was

based on assumptions, not on explicit disclosure.74 In general, serosorting offers limited

protection against HIV acquisition; the risk to acquire HIV when serosorting is lower than
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the risk when having UAI without serosorting, but higher than when condoms are used

consistently.75–80 Seropositioning offers even less protection against HIV.77 The protective

effect of serosorting might differ between subpopulations. Among MSM in Amsterdam,

the protective effect of serosorting was not statistically significant.76 In the United States,

it was shown that serosorting had a protective effect in the White MSM population, while

it increased the risk of HIV acquisition among African-Americans even though their sexual

risk behaviour was comparable.78 A large undiagnosed HIV-infected population and assor-

tative ethnic mixing patterns might explain these observations,49, 50 which is in agreement

with the STI trends that are observed among African-Americans in the United States.47

This is in line with the hypothesis for the increased C. trachomatis prevalence among

Surinamese/Antillean heterosexuals in Amsterdam, as described in chapter 2.2. Seroad-

aptive behaviours also do not prevent HIV superinfection among those infected with HIV

and increase the risk of acquiring STIs in both HIV-negative and HIV-infected MSM.81, 82

Seroadaptive behaviours affect how pathogens spread through a population. Theoretically,

serosorting could cause strong assortative mixing patterns that separate the transmission

networks of HIV-negative and HIV-infected MSM, halting HIV spread among HIV-negative

MSM and causing separate transmission networks for other STIs. Although behavioural

data of the MSM Network Study suggested the practice of serosorting, the molecular

networks of C. trachomatis and N. gonorrhoeae did not reveal separate networks for HIV-

negative and HIV-infected MSM (Chapter 4.1-2). Anal intercourse is one of the most

important, but not the only transmission route for STIs (Chapter 3.3), suggesting that

assortative mixing patterns caused by current serosorting levels are not sufficient to cause

separate STI transmission networks. Furthermore, serosorting is not the only seroadaptive

behaviour and different behaviours have different effects on the STI transmission networks.

Some men make agreements with their steady partners to not use condoms within the

partnership and to always use condoms with other partners, to reduce HIV risk, a strategy

known as negotiated safety,83 which potentially could reduce HIV and STI spread when

practiced consistently. Seropositioning affects the direction of STI transmission. Within

the HIV-negative and HIV-infected populations, STIs will be transmitted in both direc-

tions, but in discordant couples, rectal infections are transmitted from the HIV-infected to

the HIV-negative partner and urethral infections are transmitted from the HIV-negative to

the HIV-infected partner. In this case, STIs are still transmitted between the HIV-negative

and HIV-infected population. In discordant couples that practice UAI, motivated by an

undetectable HIV load (i.e. viral sorting), the direction of STI spread is not influenced by

the seroadaptive behaviour, unless combined with seropositioning. These couples might

also form a bridge between the HIV-negative and HIV-infected populations. As indicated,

seroadaptive behaviours affect the spread of HIV and also of other STIs. How pathogen

dynamics and transmission patterns relate to seroadaptive behaviours is less well studied.

Geography

Due to major technological improvements that enable molecular typing of pathogens, geo-

graphical patterns of infectious diseases become visible. Many zoonotic infections show
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clear geographical patterns, as their natural hosts are restricted by, for example, tempera-

ture, altitude, vegetation, and other ecological factors.84–86 Geography is also important

for the spread of blood-borne infections and STIs; the geographical location of someone

determines whom this person can meet, and this affects pathogen spread.

Phylogenetic analyses of HIV and HCV revealed interesting geographical patterns. HIV-2,

originating from West Africa, does not have pandemic potential; spread is restricted to

West Africa and some Western countries with colonial links in West Africa.87 HIV-1,

originating from Central Africa, became the pandemic HIV type. HIV-1 subtype A is

predominantly found in Central and East Africa and in parts of Eastern Europe, while

subtype 1B is the predominant type in Central and West Europe and the United States.

Molecular typing of HIV subtype 1B isolates has shown that HIV probably spread from

sub-Saharan Africa to Haiti, and from there to other parts of the world.88 Current HIV

spread in European countries is not clonal, but characterised by multiple introductions

and local spread.89

Molecular clock analysis showed that global HCV spread coincides with the increase in the

use of blood products in the 1950s and the increase of injecting drug use in the 1960s.90

The genotype distribution of HCV differs between parts of the world, reflecting temporal

trends and differences in transmission modes.91, 92 Genotype 1 is the dominant subtype in

Europe, North and South America, Asia, Australia, and parts of North Africa;92 subtype

1a is common among people who inject drugs (PWID) and 1b among blood transfusion

patients.90, 91 Genotype 2 is most common in West Africa and South America. Phy-

logenetic typing of genotype 2 samples suggested that it was transferred from Africa

to the Caribbean during the slave trade, and from there to Indonesia and the Nether-

lands.93 Genotype 3 is the dominant type in Norway and India, and is also found among

PWID. Genotype 4 is related to parts of Africa, and genotype 6 to the Middle East.91, 92, 94

For many years, the spread of infectious diseases among humans over long distances was

restricted. Travelling patterns have changed; nowadays, the human population is much

closer connected, mainly by air traffic.95 Within relatively short time windows, influenza

type H1N1 and severe acute respiratory syndrome (SARS) spread world-wide.96, 97 The

relatively recent outbreak of sexually transmitted HCV among MSM shows that there is

a large closely connected international sexual network that facilitates the spread of this

virus.98 The large international network might also facilitate the spread of other STIs.

Comparisons between C. trachomatis strains of heterosexuals in Sweden and the Nether-

lands revealed genetic differences between the types found in both countries.4 In Norway,

genetic differences have been found between C. trachomatis strains from three geograph-

ical areas.99 Differences were also present between samples from China and the Nether-

lands.100 Molecular typing has also revealed many similarities between genotypes from

different countries, suggesting that C. trachomatis is highly conserved.4, 100 Due to the

high recombination rate of N. gonorrhoeae, spatiotemporal analyses on a global scale are
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not likely to reveal geographical patterns. As shown in Figure 4.2, strains emerge and

disappear in relatively short time frames.

Geographical location is also important on local scale. Based on age, ethnicity, lifestyle,

socio-economic status and other characteristics, individuals visit bars, clubs, theatres, play

sports, have a job, and live in certain areas. The physical or geographical location of indi-

viduals determines who can be met. Due to mixing patterns, the prevalence of STIs might

differ between meeting venues where sexual partners are met. The connection between

meeting venues and STI acquisition is more pronounced for MSM than for heterosexuals,

as some MSM specific locations, for example venues with darkrooms, facilitate sexual

contacts and the average number of one-night stands is higher among MSM. Among

MSM in Amsterdam, there were some geographical patterns for N. gonorrhoeae spread

(Chapter 4.1); one of the identified clusters was related to a gay sauna in Amsterdam, and

another cluster to meeting locations outside Amsterdam. The probabilities of infection of

N. gonorrhoeae per meeting venue were studied (Chapter 3.2). A method was developed

by which it was possible to predict from whom an infection was acquired: it was found

that most infections were acquired from long-lasting steady partners. The highest infec-

tion risk, or the highest probability to meet a partner with N. gonorrhoeae was in one of

the two streets in Amsterdam that were included in the analysis, where many gay venues

are located. The risk was fairly low in the second street. These results show that also on

a local scale, geographical patterns can be observed and influence the spread of pathogens.

Geographical patterns are dynamic and change over time. The estimated infection risks

for the meeting locations in Amsterdam were based on data collected in 2008-2009. Since

then, many bars and clubs have been closed and new venues have been opened. The target

populations of these new venues might differ from the target populations in 2008-2009,

which might have caused changes in the infection risks per street. Data presented in

chapter 4.1 suggested that some N. gonorrhoeae types emerge and disappear in a period

of just one year, which emphasizes the temporal nature of the observed patterns and

infection risks. Furthermore, many MSM meet partners online through dating websites.

In the MSM Network Study, 24.6% of the partners were met online (Chapter 3.2). Online

partner selection changes the geographical patterns based on meeting venues, because

individuals are able to meet partners who are outside their traditional social network.

However, even with online partners, the distance between individuals will be important

for arranging sexual contact.

Sexual risk behaviour

As discussed in the previous sections, heterosexuals tend to choose partners with similar

demographic characteristics, while MSM have a more diversified partner selection. Besides

the effect of these patterns on the sexual network and on pathogen spread, partnership

types, the type of sexual contact, the number and duration of partnerships, the frequency

of sexual contact, and timing of partnerships are also important.
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In the presented studies, a distinction was made between steady and casual partner-

ships. Among MSM, casual partnerships were separated in casual known and anonymous

partnerships, because it has been shown that sexual risk behaviour with casual known

partners, the so-called sex buddies, is higher than with one-night-stands.63 To capture

the perceptions of the participants, in this study, participants were allowed to use their

own definitions and interpretation when categorising their partnerships. Hereby, partner-

ship type was most likely to reflect behaviour within partnerships. Among heterosexuals

and HIV-negative MSM, unsafe sexual contact was more common in steady than in casual

partnerships. Generally, steady partnerships had a longer duration and the number of sex-

ual contacts in the preceding six months was higher than in casual partnerships (Chapter

2.1 & 3.1). Among HIV-infected MSM, the relation between partnership type and UAI

was less strong (Chapter 3.1).

Heterogeneity in sexual behaviour with different partner types affects the transmission po-

tential of pathogens, because transmission probabilities differ by sexual techniques (Gen-

eral Introduction, Table 1). Among MSM, the probability of having oro-penile sexual

contact is much higher than the probability of having UAI (chapter 3.3). This increases

the transmission potential of pathogens that can also infect the pharynx, such as N. gonor-

rhoeae and C. trachomatis. In chapter 3.3, it was shown that the contribution to the basic

reproduction number (R0), defined as the number of secondary cases produced by one

infectious individual in a fully susceptible population, was 11.3% (95% range 4.6-19.4) for

rectal infections, 43.4% (95% range 37.2-47.7) for urethral infections, and 37.3% (95%

range 29.8-43.7) for pharyngeal infections. The dynamics of C. trachomatis between

anatomical locations has never been studied.

In chapter 3.3, one of the simplifying model assumptions was that partnerships were in-

stantaneous contacts, ignoring partnership duration, but results were in accordance with

an individual-based model that accounted for partnership duration.11 The duration of

partnerships has a major impact on STI spread; within partnerships, partners can re-infect

each other, which leads to differences between R0 and the number of actual secondary

infections in this population. When re-infections occur, STIs might be sustained while

R0 is larger than one, but the case reproduction number (Rc) is less than one.101 Ignor-

ing re-infections might lead to overestimation of the impact of screening and treatment

strategies.102 When individuals can acquire superinfections (i.e. infections with multiple

strains), the threshold to sustain a pathogen might be altered too, because it might affect

the transmission probability. For the majority of infections, it is unknown whether and

how superinfections alter the transmission potential of individuals.

The timing of partnerships is also crucial; for STI spread, the duration of the infectious

period should be longer than the average time between two partnerships (the gap length).

STI transmission is enhanced when the gap length shortens or even becomes negative,

which means that partnerships are concurrent. Concurrency enhances HIV spread also for

another reason: HIV is more infectious during the acute phase.103 In the studies in this
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thesis, the exact timing of the partnerships was difficult to establish, because answering

questions about date of first and last sexual contact were not obligatory, and many par-

ticipants only reported the month and year of first and last sexual contact and not the full

date. For heterosexuals, the effect of concurrency on unsafe sexual contact was examined

(Chapter 2.1). It is interesting to notice that we found that concurrency did not affect

unsafe sexual contact in steady partnerships, but it decreased the odds of unsafe sex in

casual partnerships. This is in agreement with other studies among heterosexuals, for

example in the United States and South Africa, that do not show an independent asso-

ciation between concurrency and unsafe sexual contact.104, 105 In the MSM population,

negotiated safety is used as seroadaptive behaviour.83 Among heterosexuals and MSM,

safer sex practices with casual partners might mitigate the enhancing effect of concurrency

on STI and HIV spread.

In mathematical models, differences in sexual risk behaviour are modelled by dividing the

population into risk groups, based for example on levels of concurrency and the num-

ber of partners. Mixing between risk groups affects STI spread on population level and

also affects individual risk. The impact of assortative or disassortative mixing might be

different for different pathogens. Among low-risk individuals, increased C. trachomatis

risk was associated with assortative mixing patterns within the low-risk population, while

the highest N. gonorrhoeae risk among low-risk individuals was associated with disas-

sortative mixing with high-risk individuals.106 In the model of N. gonorrhoeae spread in

chapter 3.3, proportionate mixing between risk groups was assumed, which means that

mixing was based on the sizes of the low- and high-risk populations. This assumption

seemed plausible, because among MSM in the MSM Network Study assortative mixing

patterns by demographic characteristics and sexual risk behaviour were weak, and there

was no evidence for the existence of subpopulations. Assortative mixing patterns for HIV

were present, but were not strong enough to cause clustering of C. trachomatis and N.

gonorrhoeae (Chapter 3 & 4). On the other hand, sexually transmitted HCV is almost

exclusively found among HIV-infected MSM. This pattern might be explained by assor-

tative mixing for HIV in combination with the probably lower transmission probability of

HCV compared to the transmission probabilities of C. trachomatis and N. gonorrhoeae.

Other explanations are that the restricted spread in mainly the HIV-infected population

is due to biological factors that increase the susceptibility or transmissibility for HCV in

HIV-infected individuals, or a combination of mixing patterns and biological factors.

Molecular epidemiology

The sexual network provides the framework in which pathogens spread. In chapter 4,

molecular typing data of C. trachomatis, N. gonorrhoeae, and HCV, isolated from MSM,

were linked to epidemiological data, to gain insight into the transmission dynamics of

STIs. The genetic profile of N. gonorrhoeae was determined by multiple-locus variable-

number tandem repeat analysis (MLVA), sequencing several non-coding regions of the

genome (Chapter 4.1). The genetic profile of C. trachomatis was determined by sequen-
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cing six of the most variable genes by multilocus sequence typing (MLST) (Chapter 4.2).

Sequencing of HCV was performed on one coding region, the NS5B region (Chapter 4.3).

It was concluded that the link between molecular typing data and epidemiological charac-

teristics was not marked. From this, it was concluded that the MSM population appears

to be homogeneously mixed. In this section, the molecular aspects and possible other

explanations for the observations are discussed.

The utility of molecular typing data to gain insight into the host population structure

depends on the sampling density of the population, the mutation and recombination rate

of the pathogen, and the molecular typing method. The larger the fraction of the in-

fected host population from which samples are taken, the more detailed and complete

the pathogen network will be, but if the fraction of the sampled population becomes too

large, assumptions on random sampling are violated, complicating statistical analysis. If

the fraction of the population that is sampled is low, links between isolates may be missed.

It is likely that this has influenced the analyses performed on C. trachomatis and N. gon-

orrhoeae (chapter 4.1 & 4.2), because these pathogens are endemic, many infections are

asymptomatic and remain undiagnosed, and testing and treatment is not limited to the

STI clinic, where samples were collected. Furthermore, for clustering, minimum spanning

trees were established, which are undirected graphs that connect the isolates in an op-

timal way. Using pathogen specific algorithms, clusters were identified that consisted of

genetically related isolates. Due to missing links, isolates might have been misleadingly

subdivided into different clusters, obscuring the relation with epidemiological subpopula-

tions.

The identification of molecular clusters also depends on the mutation and recombination

rates of pathogens. These rates are the driving forces of pathogen evolution; they are

important for virulence, resistance, differential tissue tropism, etcetera.107–109 In gen-

eral, the mutation rate of viruses is much higher than that of bacteria. HCV has a high

mutation rate and is highly variable. N. gonorrhoeae and C. trachomatis have high re-

combination rates.110, 111 Despite the high recombination rate, C. trachomatis evolution

is driven by mutations.109 The reliability and utility of molecular typing depends on the

robustness of the methodology. Within a pathogen, there is variability in the mutation

and recombination rates of genes. For example, the genome of HCV contains a highly

stable core region, some regions that are even highly variable within one patient, and a

region with an intermediate variability, the NS5B region. Phylogenetic analysis of HCV

was performed on this intermediate region, which was considered the optimal region for

phylogenetic analysis due to the level of variation.112

HCV cluster analysis was based on sequencing of just one gene, which makes the methodol-

ogy vulnerable for misinterpretation, as seen for C. trachomatis. The first typing methods

performed on C. trachomatis isolates, focused on omp A sequencing. Omp A is responsible

for serological variation, as it encodes the major outer membrane protein (MOMP).113–115

World-wide, similar genovar distributions have been reported, irrespective of host popu-
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lation or risk group.116–118 Clinical manifestation of C. trachomatis and typing methods

based on other genomic regions did not correspond to omp A typing results, as variation in

omp A appeared to result from recombination between strains instead of mutations.111, 119

MLST and MLVA methods for C. trachomatis have been developed that have the resolu-

tion to show strain divergence between populations.120–122

Cluster analysis, in which isolates are clustered based on MLST, as performed in chap-

ter 4, is based on the recombination and mutation rates of the included genes, as these

determine the algorithm for clustering. The cut-offs to determine the amount of genetic

variation that is allowed in a cluster are arbitrary, because they are selected based on

the resolution that one wants to obtain (i.e. the number and size of the clusters). For

N. gonorrhoeae, hierarchical cluster analysis was performed to compensate for the highly

polymorphic nature of some loci, by assigning double weights to the more stable loci.

These methods seem to perform relatively well on isolates from individuals in a partner-

ship. However, the performance on population level, especially when used to identify

epidemiological subpopulations when only a small proportion of the population is sam-

pled, can be debated. Evaluation of MLST has shown that different recombination and

mutation rates can be estimated when different sets of genes are selected,109 This implies

that when algorithms of clustering are based on these rates, different clusters might be

identified when different regions of the genome are selected. Therefore, careful interpre-

tation of the results is recommended, especially when they do not match with other data

sources, prior knowledge, or expectations. Although it is likely that the observed lack of

agreement between molecular clusters and epidemiological data is due to the structure of

the MSM population, we should keep in mind that there is a possibility that the selected

loci or algorithms were not able to reveal the epidemiological subpopulations.

Furthermore, the typing methods were not suitable for pharyngeal isolates and isolates

that contained multiple strains of one bacterium. Pharyngeal infections are important for

spread of N. gonorrhoeae among MSM (Chapter 3.3) The pharynx acts as reservoir,11, 123

and might be an important anatomical location for recombination, due to the presence

of many commensal Neisseria species and the decreased effectiveness of antibiotics in

the pharynx.124, 125 For sustaining C. trachomatis, the pharynx might act as reservoir as

well.126 By excluding pharyngeal infections and double infections from cluster analysis,

isolates that form links between clusters might have been excluded, as these infections

are responsible for recombination of strains.

The disadvantages of misinterpreting the sequencing results are outweighed by the bene-

fits. Molecular epidemiology provides extra and detailed information about transmission

networks, which cannot be discovered otherwise. In accordance with the epidemiological

studies in this thesis, that showed that there were no strong assortative mixing patterns

in the MSM population, molecular clusters of C. trachomatis, N. gonorrhoeae, and HCV

could not be linked to epidemiological characteristics, and thus, subpopulations were not

identified. Therefore, there is evidence from multiple sources to conclude that the as-

263



6

sortative mixing patterns in the MSM population are not strong enough to separate the

sexual network for the spread of STIs, which suggests a homogeneously mixed population.

Public health implications

STI-related health issues differ between populations, because the mechanisms of behaviour

and pathogen spread, and therefore the state of the epidemic differ. Among heterosexuals

in the Netherlands, STI control focusses and should focus on C. trachomatis, because this

is the most prevalent STI with the highest disease burden in this population. Population-

based screening of young individuals has been proven difficult; participation rates were

lower than expected, especially among individuals with the highest risk of C. trachomatis

infection, and the intervention was not cost-effective.39, 127 Low risk perception was one

of the major reasons for non-response in the chlamydia screening project in the Nether-

lands.128 As shown in chapter 2.1, familiarity between partners increased the likelihood of

having unsafe sexual intercourse and partnership factors were even more important than

the characteristics of the individual. For public health interventions, this implies that

familiarity and similarities between partners should be addressed in safe sex messages.

Furthermore, individuals with a Surinamese/Antillean background are at increased risk

for C. trachomatis infection, without having increased sexual risk behaviour. For this

population, outreach programs and strategies that facilitate health-seeking behaviour are

recommended.

Subpopulation approaches are not necessary for the homogeneously mixed MSM popula-

tion; interventions are likely to affect STI spread in the total population. HIV status is

important for individuals in their decision-making regarding condom use. HIV-negative

MSM are at risk for HIV infection, due to seroguessing and incorrect knowledge about

HIV status. In the MSM Network Study, 2% of the self-perceived HIV-negative MSM

were in fact HIV-infected (chapter 3.1). In this population, interventions can focus on

increasing HIV testing uptake and facilitating HIV disclosure to increase the knowledge

about HIV status. Optimising linkage to care and early treatment after HIV diagnosis

are also important, because this reduces the population viral load, and thus spread. The

availability of pre-exposure prophylaxis (PrEP) in the near future might cause drastic

changes in the field. Public health focus might shift from test-and-treat policies to PrEP

prevention strategies. At the start of this new era, evidence-based guidelines for PrEP

indication that pay attention to the risks and benefits of the individual and the impact

on population level should be developed. In the United States, PrEP is already available

and MSM are interested in using it.129 There is a potential danger for risk compensation,

which means that sexual risk behaviour increases and compensates the beneficial effect of

PrEP. Risk compensation was not observed in the blinded placebo-controlled trial,130–132

in the open-label trial,133 or outside the trial setting in a demonstration project.134 Risk

compensation might have been absent due to the relatively short follow-up period, extra

counselling and STI testing in the study setting, but may occur when PrEP use becomes

routine. Close monitoring of PrEP use and the effect on sexual behaviour, HIV spread,
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and STI spread is important once PrEP is available in the Netherlands. The risk to acquire

HIV when using PrEP will be so low that some MSM might stop using condoms.

Increasing the testing rates and uptake of cART and PrEP would maximize the effects of

cART and PrEP on population level. In developing countries, the availability of cART is

increasing, but lifelong treatment is expensive, especially for countries with a very high

prevalence. The next milestone would be the development of an effective vaccine and

mass vaccination campaigns in populations and countries with the highest prevalence.

This may stop HIV spread. This is likely to be highly cost-saving compared with treat-

ment, but three decades after the start of the epidemic there is no effective vaccine

available.135 It was debated in the literature that HIV-2 in HIV-1 and HIV-2 dually in-

fected individuals slows done the progression of HIV-1,136 and it was hypothesised that

dually infected individuals might provide clues for vaccine development.137 Natural history

and immune responses are comparable for HIV-1 and HIV-2,138 but progression of HIV-2

is much slower.139 Based on a meta-analysis, in which the effect of HIV-2 on mortality in

HIV-1 and HIV-2 dually infected individuals was assessed, it was concluded that there is

no evidence of HIV-2 reducing the mortality rates among individuals with an HIV-1 and

HIV-2 dual infection (chapter 5.2). This suggests that HIV-1 vaccine development should

not focus on the immune response and natural history of HIV-2, or HIV-1 and HIV-2

co-infection.

Because of risk compensation due to PrEP and early cART initiation, the prevalence of

STIs might increase, as was seen after the introduction of cART. For N. gonorrhoeae,

which is currently acquiring resistance against the last monotherapeutic treatment op-

tion,140, 141 a prevalence increase implies that the opportunities to acquire resistance may

increase. In chapter 3.3, it was shown that with current levels of sexual risk behaviour,

implementation of frequent (population-wide) screening is highly unlikely to halt N. gon-

orrhoeae spread, unless upscaled to unrealistically high coverage and screening rates. Due

to the importance of the pharynx, N. gonorrhoeae will be sustained even when condom

use during anal intercourse is increased to 100%.11 Increasing condom use during oral

sexual contact is likely to reduce N. gonorrhoeae transmission. Modifying the low risk per-

ceptions regarding oral sexual contact, also among health care workers, might be difficult

as long as N. gonorrhoeae is treatable. As prevention measures are likely to be insuffi-

cient, there is an urgent need for new treatment strategies or new antibiotics against N.

gonorrhoeae.

Risk compensation due to PrEP might also enhance the spread of HCV, and if mixing

between HIV-negative and HIV-infected MSM becomes more random, HCV might cross

over to the HIV-negative population. In 2008-2009, most HCV infections were found

among MSM who belonged to the leather, rubber & lycra, and jeans subcultures (chapter

4.3). These identifiable subcultures can be interesting targets for outreach programmes,

but six year later, patterns might have changed; HCV might have spread to other sub-

populations as well. The incidence of HCV has levelled off142, 143 and the outbreak might
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have reached an endemic equilibrium. Outreach programmes for HCV testing at meeting

venues where these MSM cluster together still might be beneficial, but the associations

between lifestyle and infections should first be evaluated again.

Until recently, treatment of HCV infected individuals, especially HIV co-infected individ-

uals, was often not successful. Treatment with pegylated interferon and ribavirin, had

success rates of 42% to 82%, depending on genotype,144 and was less effective in the HIV-

infected population.145 New interferon-free treatments are becoming available, showing

successful treatment rates of over 90% and less side effects, irrespective of genotype or

HIV co-infection.146–148 Boceprevir and telaprevir were the first registered and reimbursed

directly acting antivirals (DAAs). In 2014, sofosbuvir, simeprevir, and daclatasvir became

available for the treatment of chronic HCV infected patients with F3/F4 fibrosis, extra-

hepatic manifestations, or who are waiting for or have undergone a liver transplant. In

2015, already new agents have been registered, but these are not reimbursed (yet). DAAs

have the potential to greatly reduce HCV-related morbidity and mortality, and might re-

duce or even stop ongoing transmission.

Using a treatment-as-prevention strategy, elimination of HCV might become feasible,149

especially among HIV-infected MSM, as most of them are in clinical care.150, 151 For

treatment-as-prevention strategies, routine screening and early treatment are important,

while treatments are only registered for chronic infections (i.e. viremic infections of at

least 6 months). The restriction on sofosbuvir reimbursement to patients already in an

advanced stage of disease conflicts with a treatment-as-prevention approach and possible

elimination goals. Furthermore, in the context of saving costs, HIV-infected MSM are no

longer routinely tested for HCV at the STI clinic in Amsterdam, which may increase their

median duration of infectiousness, facilitate spread, and eventually lead to higher health

care costs than continuation of screening.

Among PWID in Amsterdam, elimination of HCV might be feasible as well, because there

is hardly any transmission. The epidemic is in an advanced stage; incidence has dropped

to almost zero, mainly because the number of injectors has decreased. Due to infections

acquired between the 1960s and 1980s, the burden of liver disease is increasing. In chapter

5.1, it was shown that treatment of HCV infected PWID reduces the future HCV-related

liver disease burden in this population, but also that the effect is limited due to the

advanced stage of the epidemic; many PWID already died from other causes, including

HIV. Treatment with DAAs might further reduce the liver disease burden among PWIDs,

but postponing implementation will lead to reduced effects, due to increasing duration

of infection and HCV-related mortality, and also increasing age of PWID and related all

cause mortality.

We are entering a new era in which treatment-as-prevention strategies for HIV and HCV

infections are likely to become important. In response, sexual behaviour and subsequent

STI spread are likely to change, especially among MSM. Close monitoring of changes in
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infection risks is important, because this enables a quick response when necessary. In

chapter 3.2, a method is described to estimate the infection risk of N. gonorrhoeae at

meeting locations. The method can be used to monitor infection risks of other STIs as

well, and is not restricted to meeting locations. Regular or real-time updating of the

model, for example with routinely collected data from the STI clinic, could provide risk

estimates that could be used to inform (outreach) prevention programmes.

Future research directions

Most data presented in this thesis were collected at the STI clinic of Amsterdam. As

discussed in the individual chapters and in the previous sections of the general discussion,

whether and to what extent conclusions drawn based on this type of data are general-

isable to the general population is unknown. Sexual risk behaviour of STI clinic visitors

might be higher, and they are more likely to be infected with an STI than individuals

from the general population. It is poorly understood how the STI clinic population re-

lates to the general population regarding STI risk. For example, we know that young and

migrant MSM are underrepresented at the STI outpatient clinic in Amsterdam;56 sexual

risk behaviour and the STI burden in these subpopulations are unknown. Insight into

the existence of hidden subpopulations, their sizes, their connections and location in the

sexual network, sexual risk behaviour, and their STI risk, would provide insight into the

ability of STI clinics to target the population with the highest STI risk, and can be used to

assess generalisability of results obtained from STI clinic data. Furthermore, this informa-

tion is useful to inform mathematical models in which the effect of such patterns on STI

spread and the effect of prevention and treatment strategies can be examined. Respon-

dent Driven Sampling (RDS) is a method to reach hidden populations that are difficult to

sample with conventional methods.152 The key property of RDS is that participants are

asked to invite their contacts to participate, which enables sampling of individuals who

cannot be directly reached by health care workers. If sampling conforms to methodologi-

cal assumptions, characteristics of newly invited contacts will become independent of the

initially recruited participants in the chain.153 RDS has been performed successfully in

different population, such as drug users, Facebook users, and MSM.152, 154–158 RDS is an

innovative and developing research area; there are challenges regarding the optimal study

design, recruitment strategies for contacts, and methods to analyse the data.159, 160

For mathematical modelling purposes, reliable and accurate estimates of sexual risk be-

haviour and pathogen parameters are essential, but many key parameters are highly un-

certain or unknown. For example, transmission probabilities of C. trachomatis, N. gon-

orrhoeae, sexually transmitted HCV, and most other STIs have never been estimated in

epidemiological studies. The natural clearance rates of C. trachomatis and N. gonor-

rhoeae are only roughly estimated, and differences in clearance rates between infections

at different anatomical locations are unknown. Current estimates of transmission proba-

bilities result from mathematical models that are fitted to prevalence or incidence data.

This methodology relies on the accuracy and generalisability of prevalence and incidence
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estimates, but general population estimates are scarce. Information on bacterial load dif-

ferences per anatomical location might provide insight into transmission probabilities and

clearance rates. It was shown that N. gonorrhoeae bacterial load is higher among individ-

uals with a symptomatic infection, compared to those with an asymptomatic infection,

and is also higher at the rectum than in the pharynx, suggesting that the transmission

potential differs by phase of infection and anatomical location.161 Bias might have been

introduced during sample collection at the different anatomical sights, because tissues

differ and it might be easier to collect a sample from the rectum than from the pharynx.

Standardised and validated methods to obtain and process samples are needed to reduce

these investigator induced biases. The results are conflicting with the results of a mathe-

matical modelling study in which the transmission probabilities were fitted with observed

prevalence data. In that study, it was found that the per act transmission probability

from pharynx to urethra was four times higher than the per act transmission probability

from rectum to urethra.11 Therefore, further research into bacterial load differences be-

tween individuals and between anatomical sights of one individual, and comparisons with

mathematical and statistical models that account for transmission between anatomical

locations is needed.

As shown in chapter 3.3, anatomical locations and the direction of transmission between

the locations are important for pathogen spread. Due to HIV-related seroadaptive be-

haviours, the direction of STI spread might be altered, and different behaviours might

have different effects. With mathematical models, accounting for anatomical locations,

the effect on C. trachomatis and N. gonorrhoeae of HIV seroadaptive behaviours, for

example, serosorting, seropositioning, and viral sorting, can be investigated. This might

provide new and important information about pathogen spread within and between the

HIV-negative and HIV-infected MSM populations.

Mathematical models for HIV spread among MSM that have been developed in the past

do not include changes in sexual careers during the life course of MSM. It has been

shown that MSM adapt their behaviour due to life events (e.g. HIV diagnosis) and events

that are calendar time dependent (e.g. medical breakthroughs).61 Fluctuations in sexual

behaviour are often HIV related.61, 162 Due to PrEP and the initiation of treatment-as-

prevention strategies that lower the risk of HIV acquisition, sexual behaviour might change

in the near future. Episodic risk can lead to HIV outbreaks among MSM,163 which might

undermine treatment-as-prevention efforts. Recent developments have shown that, theo-

retically, within-host heterogeneity in risk behaviour has a serious impact on HIV spread,

but real world data were not available to parameterise the model.164 Advances in ana-

lytical methods allow us to perform detailed and in depth research on longitudinal trends

in sexual risk behaviour. In the last decade, trajectories of drug use, smoking, alcohol use,

and sexual risk behaviour among MSM have been described, and these studies showed

the importance of identifying subgroups with distinct trajectories.165–168

The effective treatment strategies for HIV that suppress viral load gave cause to think
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about test-and-treat strategies to prevent new infections169 and eliminate HIV. Granich

et al. have suggested that when 90% of the population is annually tested for HIV and

diagnosed individuals receive immediate treatment, elimination can be reached.170 This

conclusion was questioned by Dodd et al. and Kretzschmar et al. among others, because

the initial model did not include some essential features, such as increased infectious-

ness during the acute phase of infection.171, 172 In the new era, in which test-and-treat

strategies can be combined with PrEP, elimination of HIV might become more feasible,

at least on a local scale. Lifelong PrEP use is not desirable and might not be feasible

as well. It is likely that PrEP use is most cost-effective when individuals start using it

when they enter a high-risk period and stop when the high-risk period ends. There is

an urgent need for studies that examine the effect of timed and targeted interventions

on HIV spread, accounting for sexual risk trajectories, as this information is necessary to

inform public health policies about PrEP use and early cART as treatment-as-prevention

strategy. Furthermore, treatment as prevention for HIV infection and also for HCV infec-

tion are likely to impact on sexual risk behaviour and network structure, especially among

MSM. A thorough evaluation on population level of the long-term impact of changes in

testing and treatment policies on transmission and resulting costs is needed to inform

policies and public health interventions with respect to testing and treatment.

Most public health related questions can be approached from different angles, using epi-

demiological, mathematical, and molecular methods. Mathematical models are being de-

veloped in which statistical methods are integrated to estimate and evaluate parameters

from data, compare models, and evaluate model output.173, 174 In molecular epidemiology,

statistical and mathematical models are used to interpret sequencing results. Microbiology

is a fast moving field; typing methods become more advanced, faster, and cheaper. We

are moving towards an era in which whole-genome sequencing becomes the standard and

deep sequencing will be used more often. Both methodologies are likely to reveal much

more detailed information about the transmission and evolution of pathogens than what is

currently obtained by the commonly used typing methods.119, 175 By deep sequencing, we

are able to study within-host heterogeneity of pathogens, which provides new study op-

portunities, e.g. understanding the development of within-host pathogen variability during

the course of infection (i.e. recombination and mutations), and the impact of antibiotic

pressure on evolution. For the field of molecular epidemiology, it is important to develop

sophisticated methods to analyse and interpret the large amount of information and to

combine it with behavioural data. Furthermore, wide-spread use of mobile phones in-

creases the possibilities of data collection for public health related research, by tracking

the geographical location176 and using applications for questionnaires and diagnostics.

The large amount of data that will become available is challenging, and asks for a close

cooperation between molecular epidemiology, biostatistics, mathematical modelling, and

bioinformatics.
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Conclusions

Multidisciplinary studies, like the MSM Network Study, provide the opportunity to develop

new and sophisticated methods to study pathogen transmission in sexual networks. The

studies in this thesis focused on pathogens separately, because results were not indicative

for strong interactions between pathogens.

In chapter 2, it was shown that among heterosexuals, partnership factors are more impor-

tant determinants of unprotected sexual contact, than characteristics of the individual.

STI prevalence differences between ethnic populations might be due to other mechanisms

than differences in sexual risk behaviour, for example health-seeking behaviour. In the

heterosexual population, assortative mixing patterns by age and ethnicity exist; unpro-

tected sexual contact is more likely to occur in concordant partnerships.

As shown in chapter 3 and 4, demographic characteristics are less important for mixing in

the MSM population. The key determinant of UAI among MSM is perceived concordant

HIV status, which highlights the importance of accurate knowledge about HIV status.

Furthermore, it was shown that N. gonorrhoeae risk differs between meeting locations,

and that the contribution of the pharynx to spread is high. Population based N. gonor-

rhoeae screening has a limited effect on spread, highlighting the need for new treatment

strategies.

In chapter 4, molecular epidemiology of C. trachomatis, N. gonorrhoeae, and HCV did

not reveal subpopulations among MSM, suggesting that the population is homogeneously

mixed. A remarkable observation was that HCV antibody positivity was more often found

among MSM belonging to the leather subculture.

The effect of prevention measures and treatment differs by pathogen, population, and

state of the epidemic. In chapter 5, it was shown that the HCV-related disease burden

will increase in the upcoming years, due to infections acquired during the injecting epi-

demic. Due to increased mortality among HIV co-infected PWID, HIV has reduced the

HCV-related disease burden. HCV treatment will also reduce the burden, but postponing

implementation of treatment reduces its effect, because the age of the population and the

average duration of HCV infection is increasing. Evidence for a reduction in the mortality

rates of HIV-1 in HIV-1 and HIV-2 dually infected individuals was not found.

We are entering a new era in which PrEP and treatment-as-prevention for HIV infec-

tion, and maybe also for HCV infection, become important prevention strategies. In

response, pathogen dynamics are likely to change. To increase our understanding of

how pathogen transmission is affected by individual behaviour, population behaviour, and

pathogen characteristics, combined methods remain needed that integrate methods and

data from different fields to reinforce each other.
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[6] Sekuler T, Bochow M, Von Rüden, Töppich J. Are bisexually active men a ’bridge’ for HIV transmis-
sion to the ’general population’ in Germany? Data from the European men-who-have-sex-with-men
internet survey (EMIS). Cult Health Sex. 2014; 16(9):1113-1127.

[7] Versteeg B, Van Rooijen MS, Schim van der Loeff MF, De Vries HJC, Bruisten SM. No indication
for tissue tropism in urogenital and anorectal Chlamydia trachomatis infections using high-resoluation
multilocus sequence typing. BMC Infect Dis. 2014; 14:464.
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of Chlamydia trachomatis: insights on drift, selection, recombination, and population structure. Mol
Biol Evol. 2012; 29(12):3933-3946.

[112] Salemi M, Vandamme AM. Hepatitis C virus evolutionary patterns studied through analysis of
full-genome sequences. J Mol Evol. 2002; 54:62-70.

276



6

CHAPTER 6

[113] Wang S, Graystonn JT. Chlamydia trachomatis immunotype J. J Immunol. 1975; 115(6):1711-
1716.

[114] Caldwell HD, Kromhout J, Schachter J. Purification and partial characterization of the major outer
membrane protein of Chlamydia trachomatis. Infect Immun. 1981; 31(3):1161-1176.

[115] Stephens RS, Mullenbach G, Sanchez-Pescador R, Agabian N. Sequence analysis of the major outer
membrane protein gene from Chlamydia trachomatis serovar L2. J Bacteriol 1986; 168(3):1277-1282.

[116] Lysén M, Osterlund A, Ruben CJ, Persson T, Persson I, Herrmann B. Characterization of omp A
genotypes by sequence analysis of DNA from all detected cases of Chlamydia trachomatis infections
during 1 year of contact tracing in a Swedish county. J Clin Microbiol. 2004; 42(4):1641-1647.

[117] Hsu MC, Tsai PY, Chen KT, et al. Genotyping of Chlamydia trachomatis from clinical specimens
in Taiwan. J Med Microbiol. 2006; 55(Pt 3):301-308.

[118] Machado AC, Bandea CI, Alves MF, et al. Distribution of Chlamydia trachomatis genovars among
youths and adults in Brazil. J Med Microbiol. 2011; 60(Pt 4):472-476.

[119] Harris SR, Clarke IN, Seth-Smith HM, et al. Whole-genome analysis of diverse Chlamydia tra-
chomatis strains identifies phylogenetic relationships masked by current clinical typing. Nat Genet.
2012; 44(4):413-419.

[120] Klint M, Fuxelius HH, Goldkuhl RR, et al. High-resolution genotyping of Chlamydia trachomatis
strains by multilocus sequence analysis. J Clin Microbiol. 2007; 45(5):1410-1414.

[121] Perdersen LN, Pødenphant L, Møller JK. Highly discriminative genotyping of Chlamydia trachoma-
tis using Omp I and a set of variable number tandem repeats. Clin Microbiol Infect. 2008; 14(7):644-
652.

[122] Bom RJ, Christerson L, Schim van der Loeff MF, Coutinho RA, Herrmann B, Bruisten SM. Eval-
uation of high-resolution typing methods for Chlamydia trachomatis in samples from heterosexual
couples. J Clin Microbiol. 2011; 49(8):2844-2853.

[123] Weinstock H, Workowski KA. Pharyngeal gonorrhea: an important reservoir of infection? Clin
Infect Dis. 2009; 49(12):1798-1800.

[124] Unemo M, Golparian D, Hestner A. Ceftriaxone treatment failure of pharyngeal gonorrhoea verified
by international recommendations, Sweden, July 2010. Euro Surveill. 2011; 16(6)pii:19792.

[125] Stoltey JE, Barry PM. The use of cephalosporins for gonorrhea: an update on the rising problem
of resistance. Expert Opin Pharmacother. 2012; 13(10):1411-1420.

[126] Van Rooijen M, Schim van der Loeff MF, Morré SA, Van Dam AP, Speksnijder AG, De Vries HJ.
Spontaneous pharyngeal Chlamydia trachomatis RNA clearance. A cross-sectional study followed by
a cohort study of untreated STI clinic patients in Amsterdam, The Netherlands. Sex Transm Infect.
2015; 91(3):157-164.

[127] De Wit GA, Over EAB, Schmid BV, et al. Chlamydia screening is not cost-effective at low partic-
ipation rates: evidence from a repeated register-based implementation study in the Netherlands. Sex
Transm Infect. 2015 [Epub ahead of print].

[128] Greenland KE, Op de Coul ELM, Van Bergen JEAM, et al. Acceptability of the internet-based
Chlamydia screening implementation in the Netherlands and insights into nonresponse. Sex Transm
Dis. 2011; 38(6):467-474.

[129] Cohen SE, Vittinghoff E, Bacon O. High interest in pre-exposure prophylaxis among men who have
sex with men at risk for HIV infection: baseline data from the US PrEP demonstration project. J
Acquir Immune Defic Syndr. 2015;68(4):439-48.

[130] Grant RM, Lama JR, Anderson PL et al. Pre-exposure chemoprophylaxis for HIV prevention in men
who have sex with men. N Engl J Med. 2010;363(27):2587-2599.

277



6

[131] Grant RM, Anderson PL, McMahan V et al. Uptake of pre-exposure prophylaxis, sexual practices,
and HIV incidence in men and transgender women who have sex with men: a cohort study. Lancet
Infect Dis. 2014;14(9):820-829.

[132] Molina JM, Capitant C, Charreau I, et al. On demand PrEP with oral TDF-FTC in MSM: Results
of the ANRS Ipergay trial. Seattle: The annual conference on retroviruses and opportunistic infections.
2015.

[133] McCormack S, Dunn D. Pragmatic open-label randomised trial of pre-exposure prophylaxis: The
PROUD study. Seattle: The annual conference on retroviruses and opportunistic infections. 2015.

[134] Hojilla CJ, Koester KA, Cohen SE, et al. Sexual Behavior, Risk Compensation, and HIV Preven-
tion Strategies Among Participants in the San Francisco PrEP Demonstration Project: A Qualitative
Analysis of Counseling Notes. AIDS Behav. [Epub ahead of print].

[135] Hammer SM, Sobieszczyk ME, Janes H, et al. Efficacy trial of a DNA/rAd5 HIV-1 preventive
vaccine. N Engl J Med. 2013; 369(22):2083-2092.

[136] Esbjornsson J, Mansson F, Kvist A, et al. Inhibition of HIV-1 disease progression by contempora-
neous HIV-2 infection. N Engl J Med. 2012; 367(3):224-232.

[137] Rowland-Jones S. A winding road towards an HIV vaccine. Eur J Immunol. 2008; 38:13-14.

[138] Martinez-Steele E, Awasana AA, Corrah T, et al. Is HIV-2- induced AIDS different from HIV-1-
associated AIDS? Data from a West African clinic. AIDS. 2007; 21(3):317-324.

[139] Marlink R, Kanki P, Thior I, et al. Reduced rate of disease development after HIV-2 infection as
compared to HIV-1. Science. 1994; 265(5178):1587-1590.

[140] Unemo M, Nicolas RA. Emergence of multidrug-resistant, extensively drug-resistant and untreatable
gonorrhea. Future Microbiol. 2012; 7(12):1401-1422.

[141] Chisholm SA, Unemo M, Quaye N, et al. Molecular epidemiological typing within the European
Gonococcal Antimicrobial Resistance Surveillance Programme reveals predominance of a multidrug-
resistant clone. Euro Surveil.l 2013; 18(3):pii:20358.

[142] Vanhommerig JW, Stolte IG, Lambers FA, et al. Stabilizing incidence of hepatitis C virus infection
among men who have sex with men in Amsterdam. J Acquir Immune Defic Syndr. 2014; 66(5):e111-
115.

[143] Urbanus AT, Van de Laar TJ, Geskus R, et al. Trends in hepatitis C virus infections among MSM
attending a sexually transmitted infection clinic; 1995-2010. AIDS. 2014;28(5):781-790.

[144] Garg G, Kar P. Management of HCV infection: current issues and future options. Trop Gastroenterol
2009; 30:11-18.

[145] Graham CS, Baden LR, Yu E, et al. Influence of human immunodeficiency virus infection on the
course of hepatitis C virus infection: a meta-analysis. Clin Infect Dis. 2001; 33(4):562-569.

[146] Jacobson IM, Gordon SC, Kowdley KV, et al. Sofosbuvir for hepatitis C genotype 2 or 3 in patients
without treatment options. N Engl J Med. 2013;368(20):1867-1877.

[147] Sulkowski MS, Gardiner DF, Rodriguez-Torres M, et al. Daclatasvir plus sofosbuvir for previously
treated or untreated chronic HCV infection. N Engl J Med. 2014;370(3):211-221.

[148] Zeuzem S, Dusheiko GM, Salupere R, et al. Sofosbuvir and ribavirin in HCV genotypes 2 and 3. N
Engl J Med. 2014; 370(21):1993-2001.

[149] Watts G. Hepatitis C could be virtually eliminated by 2030, experts believe. BMJ. 2014; 348:g2700.

[150] Schreuder I, Op de Coul ELM, Conti S, et al. Insights into the HIV prevalence and the undiagnosed
HIV population in the Netherlands. Amsterdam: 8th Netherlands conference on HIV pathogenesis,
epidemiology, prevention and treatment. 2014.

278



6

CHAPTER 6

[151] Van Sighem A, Gras L, Smit C, Stolte I, Reiss P. Monitoring report 2014. Human Immunodeficiency
Virus (HIV) Infection in the Netherlands. Amsterdam, Stichting hiv monitoring. 2014. ISBN/EAN:978-
94-90540-05.

[152] Heckathorn D. Respondent-driven sampling: A new approach to the study of hidden populations.
Soc Probl. 1997; 44:174-199.

[153] Heckathorn D. Respondent-Driven Sampling II: Deriving valid population estimates from chain-
referral samples of hidden populations. Soc Probl. 2002; 49:11-34.

[154] Volz E, Heckathorn D. Probability Based Estimation Theory for Respondent Driven Sampling. J
Off Stat. 2008; 24:79-97.

[155] Iguchi M, Ober A, Berry S, et al. Simultaneous recruitment of drug users and men who have sex
with men in the United States and Russia using respondent-driven sampling: sampling methods and
implications. J Urban Health. 2009; 86(Suppl 1):5-31.

[156] Wejnert C, Heckathorn D. Web-based network sampling - Efficiency and efficacy of respondent-
driven sampling for online research. Sociol Methods Res. 2008; 37:105-134.

[157] Bengtsson L, Lu X, Nguyen Q, et al. Implementation of Web-Based Respondent-Driven Sampling
among Men Who Have Sex with Men in Vietnam. PLos One 2012; 7(11):e49417.

[158] Stein M, Van Steenbergen J, Chanyasanha C, et al. Online respondent-driven sampling for studying
contact patterns relevant for the spread of close-contact pathogens: a pilot study in Thailand. Plos
One. 2014; 9:e85256.

[159] McCreesh N, Frost S, Seeley J, et al. Evaluation of respondent-driven sampling. Epidemiology.
2012; 23:138-147.

[160] White R, Lansky A, Goel S, et al. Respondent-driven sampling - where we are and where should
we be going? Sex Transm Infect. 2012; 88(6):397-399.

[161] Bissessor M, Tabrizi SN, Fairley CK, et al. Differing Neisseria gonorrhoeae Bacterial Loads in
the Pharynx and Rectum in Men Who Have Sex with Men: Implications for Gonococcal Detection,
Transmission, and Control. J Clin Microbiol. 2011; 49(12):4304-4306.

[162] Bezemer D, De Wolf F, Boerlijst M, et al. A resurgent HIV-1 epidemic among men who have sex
with men in the era of potent antiretroviral therapy. AIDS. 2008;22(9):1071-1077.

[163] Zhang X, Zhong L, Romero-Severson E, et al. Episodic HIV risk behavior can greatly amplify
HIV prevalence and the fraction of transmission from acute HIV infection. Stat Commun Infect Dis.
2012;4:pii:1041.

[164] Romero-Severson E, Alam S, Volz E, Koopman J. Acute-stage transmission of HIV. Effect of
volatile contact rates. Epidemiology. 2013;24(4):516-521.

[165] Hser Y, Huang D, Chou C, Anglin M. Trajectories of heroin addiction: growth mixture modelling
results based on 33-year follow-up study. Eval Rev. 2007;31(6):548-63.

[166] Chassin L, Pitts S, Prost J. Binge drinking trajectories from adolescence to emerging adulthood in
a high-risk sample: Predictors and substance abuse outcomes. J Consult Clin Psychol. 2002;70:67-78.

[167] Pines H, Gorbach P, Weiss R, et al. Sexual risk trajectories of MSM in the United States: implications
of pre-exposure prophylaxis delivery. J Acquir Immune Defic Syndr. 2014;65(5):579-586.

[168] Mikolajczyk RT, Horn J, Prins M, Wiessing L, Kretzschmar M. Trajectories of injecting behavior
in the Amsterdam Cohort Study among drug users. Drug Alcohol Depend. 2014; 144:141-147.

[169] Montaner JSG, Hogg R, Wood E, et al. The case for expanding access to highly active antiretroviral
therapy to curb the growth of the HIV epidemic. Lancet. 2006; 368(9534):531-536.

279



6

[170] Granich RM, Gilks CF, Dye C, De Cock KM, Williams BG. Universal voluntary HIV testing with
immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical
model. Lancet. 2009; 373(9657):48-57.

[171] Dodd PJ, Garnett GP, Hallett TB. Examining the promise of HIV elimination by ’Test and Treat’
in hyper-endemic settings. AIDS. 2010; 24(5):729-735.

[172] Kretzschmar MEE, Schim van der Loeff MF, Coutinho RA. Elimination of HIV by test and treat:
a phantom of wishful thinking? AIDS. 2012; 26(2):247-251.

[173] Eaton JW, Hallett TB. Why the proportion of transmission during early-stage HIV infection does
not predict the long-term impact of treatment on HIV incidence. Proc Natl Acad Sci U S A. 2014;
111(45):16202-16207.

[174] Weidemann F, Dehnert M, Koch J, Wichmann O, Höhle M. Bayesian parameter inference for
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