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Résumé

Introduction: Lors de l’élaboration des modèles de dynamiques de transmission du virus du papil-

lome humain (VPH), différentes hypothèses sont émises pour simplifier les aspects complexes et peu

compris de la transmission. Dans cette thèse, on s’intéresse à deux limites de ces modèles: 1) la trans-

mission du VPH entre différents sites n’est pas modélisée, 2) les changements dans l’activité sexuelle

à travers le temps sont ignorés. Les changements dans l’activité sexuelle au cours du dernier siècle

pourraient être l’une des causes de l’augmentation des cancers de l’oropharynx des quatre dernières

décennies. Cependant, notre compréhension des tendances des cancers reliés au VPH est entravée

par le manque de connaissance des patrons de contacts sexuels. Un tel type de patron, l’assortativité,

pourrait produire de la confusion dans les études épidémiologiques portant sur les facteurs de risques

du VPH. Les objectifs de cette thèse sont 1) d’évaluer l’impact d’inclure la transmission multi-site du

VPH dans un modèle sur les prédictions d’efficacité populationnelle du vaccin VPH, 2) d’examiner

comment les changements dans l’activité sexuelle ont pu influencer les tendances des cancers de

l’oropharynx (CO) et du col de l’utérus (CU) depuis les années 1970, et de prédire les tendances fu-

tures de ces cancers, 3) déterminer les conditions sous lesquelles l’assortativité pourrait causer un biais

dans les études évaluant la causalité des facteurs de risques des infections transmissibles sexuellement

et quantifier la magnitude de ce biais.

Méthodes : Pour le premier objectif, nous avons développé un modèle de transmission du VPH

multi-site (sites génital et extra-génital) et uni-site (site génital). Avec ces modèles, nous avons estimé

la réduction relative de la prévalence du VPH au site génital après la vaccination (RRprev). Nous

avons considéré deux types d’immunité naturelle : site-spécifique et systémique. Pour le deuxième

objectif, nous avons développé un modèle mathématique individus-centré simulant la transmission du

VPH16, la progression du VPH16 vers le cancer (CO et CU) et les comportements sexuels des améri-

cains nés entre 1850 et 1999. Nous avons calibré ce modèle et réalisé des simulations de l’incidence

de CO et CU entre 1915 et 2045. Pour le troisième objectif, nous avons développé un modèle de

transmission du VPH avec stratification pour deux niveaux d’activité sexuelle (élevé et faible) et de

tabagisme (fumeur et non-fumeur). On a supposé dans ce modèle que le tabagisme n’était pas une

cause biologique d’infection au VPH, et que le choix du partenaire sexuel est assortatif au statut

fumeur. Nous avons simulé une étude fictive dans laquelle nous avons estimé le rapport de cotes (RC)

de la prévalence d’infection VPH entre fumeurs et non-fumeurs. La magnitude du biais se mesurait
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par l’écart entre le RC et la valeur nulle (1,00).

Résultats : Pour l’objectif 1, le modèle multi-site prédisait un RRprev supérieur à celui estimé par le

modèle uni-site quand l’immunité était site-spécifique, et inférieur quand l’immunité était systémique.

La magnitude de la transmission entre les sites génital et extra-génital était un facteur expliquant la

variance du RRprev. Pour l’objectif 2, notre modèle a prédit, en absence de dépistage du CU, une

augmentation importante de l’incidence de CU d’au moins 120% entre 1975 et 2015. Pour le cancer

de l’oropharynx relié au VPH16, le modèle a prédit une augmentation d’au moins 310% entre 1985 et

2015, et d’environ 50% entre 2015 et 2045. Pour l’objectif 3, nous avons obtenu un RC de 1,51 après

ajustement parfait du niveau d’activité sexuel des sujets de l’étude. Une plus grande assortativité dans

le choix du partenaire sexuel causait une augmentation de la magnitude du biais.

Conclusion : Étant donné les connaissances actuelles dans le domaine du VPH, il semble peu prob-

able que les prédictions d’efficacité populationnelle de la vaccination contre le VPH faites avec un

modèle uni-site soient significativement biaisées. Cependant, l’utilisation d’un modèle multi-site

nous a permis de reproduire les changements de comportements sexuels, d’expliquer les tendances

de CO observées depuis les années 1980 et de prédire une augmentation future dans l’incidence de

CO. Toutefois, cette augmentation future ne pourra pas être prévenue par la vaccination car elle touche

surtout des hommes nés avant 1990, qui n’ont pas été vaccinés. Finalement, le rôle du tabagisme dans

l’acquisition du VPH demeure incertain dû au biais d’assortativité que nous avons identifié .
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Abstract

Introduction: Dynamic models of HPV transmission have been the main tool to estimate the effec-

tiveness and cost-effectiveness of different vaccination strategies. We focus on two limitations of these

models: transmission of HPV across different sites (e.g., oral and anal) and changes in sexual behavior

across birth cohorts are not modelled. Firstly, including multi-site transmission of HPV could affect

estimates of effectiveness against genital diseases. Secondly, changes in sexual behavior throughout

the last century could be causally related to the increase in oropharyngeal and anal cancers in the

past four decades. Understanding these trends is hindered by our poor knowledge of sexual mixing

patterns. One such pattern, assortative mixing, could cause confounding in epidemiological studies

of HPV risk factors. The objectives of this thesis are to 1) Assess the impact of including multi-site

transmission to current uni-site HPV models on predictions of the population-level effectiveness of

HPV vaccination. 2) Examine how changes in specific aspects of sexual behavior such as mixing,

rates of new partner acquisition, sexual practices, age of sexual debut, may have impacted trends in

HPV-related oropharyngeal and cervical cancer incidence since the 1970s, and predict future trends

in these cancers. 3) Determine conditions under which assortative mixing could cause bias in studies

examining the causal role of risk factors of STIs and quantify the magnitude of this potential bias.

Methods: For the first objective, we developed a multi-site (genital and extragenital sites) and a

uni-site (genital site) model of HPV transmission. We estimated the reduction in genital HPV preva-

lence at equilibrium post-vaccination and compared the estimates of the two models. We considered

two types of natural immunity: local (i.e., protects against subsequent infection at the same site) and

systemic. For the second objective, we developed an individual-based model of HPV transmission at

the genital and oral sites. We reproduced in this model the changes in sexual behavior from 1900 to

2015 in the US population, and simulated the incidence of HPV16-related oropharyngeal and cervical

cancers between 1915 and 2045. We performed these simulations according to different scenarios

regarding the practice of oral sex, the inclusion of oral infections, and the reporting bias in the num-

ber of sexual partners in surveys. Results of the simulations were compared with empirical data on

HPV-related cancers. For the third objective, we developed a model of HPV transmission with strat-

ifications for two levels of sexual activity and of smoking habits (smokers and non-smokers). In our

simulation, smoking was not a biological cause of HPV infection. We then estimated the odds ratio

of prevalent HPV infection between smokers and non-smokers. Deviation from the null value could
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only be due to a bias we termed assortativity bias.

Results: For objective 1, multi-site model predicted higher vaccination effectiveness when natural

immunity was local, and lower or equal effectiveness when natural immunity was systemic. Three

important factors were identified to increase effectiveness predicted with the multi-site model: 1)

higher proportion of genital infections caused by an extragenital infection, 2) lower proportion of ex-

tragenital infections caused by a genital infection, 3) higher proportion of susceptibles to extragenital

infection. For objective 2, we predicted a sharp increase (IRR=[220%-380%]) between 1975 and 2015

in the simulations of cervical cancer incidence without cervical screening. The increase was lowest

when assuming women under-report their number of sexual partners in surveys. In simulations of

oropharyngeal cancer incidence, including past changes in the practice of oral sex produced a sharp

increase between 1985 and 2015 similar to the observed US trends. Future incidence of oropharyngeal

cancer was predicted to increase by 50% between 2015 and 2045. For objective 3, we obtained an

OR of 1.51 after perfect adjustment for subjects’ level of sexual activity. The non-biased OR for this

simulation was 1.00. The magnitude of the bias, as measured by the deviation from the null value, in-

creased with stronger association between sexual activity and smoking habits and with greater degree

of assortativity with respect to smoking habits.

Conclusion: The assumptions of natural immunity being local and of extragenital infections being

an important reservoir for genital infections are not currently supported by evidences. Hence, a sig-

nificant bias in estimates of vaccination effectiveness against genital infections and diseases from the

use of uni-site models appears unlikely. However, using a multi-site model and including the practice

of oral sex is necessary to reproduce trends in oropharyngeal cancer since the 1980s. Furthermore,

the increase in oropharyngeal cancer is predicted to continue over the next three decades, affecting

mainly unvaccinated men born before 1990. In addition, we predict that cervical screening prevented

a sharp increase in cervical cancer in the past decades. Finally, the role of smoking in the acquisition

and duration of HPV infection remains uncertain due to biases such as the assortativity bias.
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Introduction

0.1 Background and rationale

HPV is a sexually transmitted infection which causes cervical cancer1, a proportion of anogenital2

and head-and-neck3 cancers, and anogenital warts4. Since 2007, vaccination programs against HPV

infection have been implemented in more than 100 countries and territories5;6. Cervical cancer is

responsible for most of the burden of HPV-associated cancers7. For this reason, publicly-funded

vaccination programs were initially introduced for girls to reduce incidence of cervical cancer, pre-

cancerous lesions, and collaterally anogenital warts.

Transmission-dynamic models, which capture herd immunity effects, have been essential in inform-

ing policy-makers on the effectiveness and cost-effectiveness of different HPV vaccination strategies8.

These models can simulate the transmission process of HPV and predict changes in HPV infections

and related diseases after HPV vaccination. These predictions from models are affected by uncertainty

regarding our knowledge of the natural history of infection and of the sexual behavior of the targeted

population. More specifically, we identify two key issues in current HPV models: 1) HPV is modelled

as a uni-site infection, although it is a multi-site infection 2) sexual behavior is assumed to be stable

in models, but sexual behavior is known to have changed in the last century.

Firstly, because the focus of prevention has been on genital diseases (e.g., cervical cancer, genital

warts), current HPV models only include transmission of genital infections, and do not include trans-

mission between genital and extragenital sites (e.g., oral cavity). However, there is evidence of trans-

mission between these different sites (e.g. oral sex being a mode of transmission between oral and

genital sites). By ignoring extragenital transmission of HPV, current HPV models may be producing

biased predictions of the long-term impact of HPV vaccination on HPV infections.

Secondly, HPV models do not account for the changes in sexual behavior over the past century, and

thus indirectly assume that transmission has reached an equilibrium state. Currently, the incidence

of most STIs has not reached a steady state (equilibrium)9. This has been attributed, at least in part,

to changes in population-level sexual behavior9. Precisely, it has been observed that the number of

sexual partners has increased and the age of sexual initiation has decreased since the beginning of the

1



century10. It has also been suggested that the sexual revolution of the 1960s resulted in an increase

of some sexual practices such as oral and anal sex11;12. These changes in sexual behavior are hy-

pothesized to be the main cause of the substantial rise in anal and oropharyngeal cancers in the past

two decades12;13. For instance, in Canada, oropharyngeal and anal cancers have increased by 20%

and 30% respectively, during the span of less than two decades14;15. The increase in oropharyngeal

cancer affects predominantly white males, in whom the incidence has increased more than 2-fold in

the same period16. Concerns of a continued "epidemic rise in cancer" are further fueled by extrapola-

tion of current trends predicting that incidence of HPV-positive oropharyngeal cancer will exceed the

number of cervical cancers by 202016. However, future trends cannot be anticipated by linear projec-

tions from past increases in cancer incidence; projections should be based on the changes in sexual

behavior over time, which seems to have stabilized in the past two decades17;18. Hence, including the

potential effect of changes in sexual behavior in HPV models addresses an ignored source of uncer-

tainty in population-level HPV vaccination effectiveness predictions and will produce projections of

future trends in HPV-related cancers that accounts for non-linear changes in sexual behavior over time.

Assessing the changes in sexual behavior is complicated by our poor understanding of many aspects of

sexual behavior. In fact, sexual behavior includes not only the acquisition of new partners and the sex-

ual practices, but also "who-mixes-with-whom" or in other words the topology of the sexual network

(sexual mixing). For instance, individuals may choose partners similar to them (assortative mixing)

with respect to important causal factors of transmission, such as age, level of sexual activity, and even

tobacco consumption. Assortative mixing has been shown to be of great importance in the spread of

STIs and is commonly included in HPV models. Other factors like smoking and alcohol consump-

tion have received less attention even though they could also play a role in transmission dynamics.

Assessing the potential effect of assortative behaviors and changes over time in these behaviors could

provide new insight on trends in HPV infection. In particular, assessing the impact of assortativity on

HPV transmission could be crucial in understanding the causal roles of risk factors such as smoking

in HPV transmission and HPV-related cancers in the past, present and future. Indeed, assortativity

according to risk factors such as race is a strong determinant of the distribution of an infection in the

population19. Consequently, assortativity can be a strong source of confounding in epidemiological

studies of HPV risk factors.

0.2 Objectives

The objectives of this project are to develop three different HPV transmission-dynamic models to:

1) Assess the impact of including multi-site transmission to current uni-site HPV models on predic-

tions of the population-level effectiveness of HPV vaccination.

2) Examine how changes in specific aspects of sexual behavior such as mixing, rates of new partner

acquisition, sexual practices, age of sexual debut, may have impacted trends in HPV-related oropha-
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ryngeal and cervical cancers incidence since 1970, and predict future trends in these cancers.

3) Determine conditions under which assortative mixing could cause a bias in studies examining the

causal role of risk factors of STIs and quantify the magnitude of this potential bias.

0.3 Litterature review

0.3.1 Epidemiology of HPV infection

Overview

More than 40 HPV genotypes can infect the mucosa of the anogenital tract, the oral cavity and the

respiratory tract20;21. These HPV types are classified as HR and LR20. Infection with HR-types has

been shown to be a necessary cause of cervical cancer22, but is also a cause of a subset of other

anogenital tract and head and neck cancers. In North America, it is estimated that HR-HPV types

are responsible for around 50-70% of oropharyngeal cancers3;7;16, 90% of anal cancers7;23, 40% of

vaginal cancers, vulvar and penile cancers23. Among the HR-types, HPV16 causes an estimated 72%

of all HPV-associated cancers23. Infection by LR-types can cause anogenital warts, mild dysplasia,

and recurrent respiratory papillomatosis4. More than 90% of anogenital warts are caused by HPV6

and HPV114.

HPV infects the stem cells in the basal epithelial layer24. Hence, unlike other STIs like HIV , HPV is

a localized infection, which makes it important to distinguish between the epidemiology of infection

at the different sites.

Table 0.1 provides a summary of some aspects of the epidemiology of HPV infections at the geni-

tal, oral and anal sites.
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Table 0.1 – Epidemiology of HPV infection at the genital, oral and anal sites

Sites Prevalence† Seroconversion Duration of Infection†† Risk factors†††

Women Men Women Men Women Men Women Men

Genital 27%25 45%26
60% by 18mo
after clearance27

(HPV16)

13% by 24mo
after clearance28

(any HPV)
19% by 36mo
after clearance29

(any HPV)

10-11mo
30;31

(HPV16)

7.7-12.2mo
32;33

(HPV16)

Sexual activity:
higher number of
sexual partners,
young age at
sexual debut
25;34–36

Smoking37–39

Contraceptive
use37;39;40

Young adult41

Sexual activity:
higher number of
sexual partners,
not using condoms
26;42–44

Smoking26;42

Alcohol26;42

Uncircumcised
26;42;43;45;46

Oral 4%47 10%47 Unknown Unknown
3.5mo48

(HPV16)

7.3-7.5mo
48;49

(HPV16)

Sexual activity:
higher number of
vaginal sex, oral sex,
and deep-kissing
partners47;50;51

Smoking47;52

HIV53

.

Sexual activity:
higher number of
vaginal sex, oral sex,
and deep-kissing
partners47;50

Smoking47

HIV53

.

Anal
27-
31%54;55 16%56 Unknown

6% by 36mo
after clearance29

(any HPV)

5mo57

(HR-HPV) Unknown

Sexual activity:
higher number of
sexual partners,
anal sex practice54;55

Smoking55

Genital HPV58–60

Sexual activity:
higher number of
sexual partners,
receptive anal
intercourse56;61;62

HIV63–65

† Prevalence in the general population, †† Median, ††† Risk factors of HR-types
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Genital infection

Genital HPV infection in women can be detected from exfoliated cells of the vulva, the vagina and the

cervix. Infection at the cervix and vagina is common, with an estimated prevalence of 27%25 among

the general female US population (aged 14 to 59 years old). Genital HPV infection among women

has been demonstrated to be predominantly sexually transmitted66. Acquisition of genital HPV has

very rarely been observed among virginal women in longitudinal cohort studies34;67, suggesting that

non-sexual modes of transmission are not significant. In addition, various measures of sexual activity

such as a greater number of sexual partners and younger age at sexual debut have been consistently

associated with prevalent and incident genital HPV25;34–36. Reflecting this, the prevalence of HPV

in the cervix peaks at the beginning of adulthood and then decreases with age in HIC41;68. The peak

of prevalence coincides with the first years of sexual activity, which are characterized by high rate

of partner change and susceptibility to infection. A second peak of prevalence has been observed in

women older than 45 years old69. The steep decrease in prevalence following the initial peak has

been interpreted as the result of clearance of infection and protection from reinfection due to acqui-

sition of natural immunity. The immune mechanisms responsible for protection to reinfection are not

completely understood, but serum type-specific antibodies have been shown to play an important role

in natural immunity70. Antibodies are genotype-specific, and an estimated 60% of women serocon-

vert within 18 months of a detected genital HPV16 infection27. Seroconversion has been observed to

be protective against genital reinfection of the same type among young women but not among older

women71. This observation along with the second peak of incidence around 45 years old is compati-

ble with a reactivation of latent infections in older women72, or with the acquisition of new infections

in older women in whom natural immunity waned. The median duration of genital HPV16 infection

in women is around 10 and 11 months30;31, more than 70% of these infections are transient and clear

within 24 months of detection30. The interpretation of detection and clearance is limited by the inabil-

ity to differentiate clearance of infections, infections becoming latent and reinfection between study

visits73;74. It is also unknown whether an individual is infectious for the full duration of infection as

viral load has been observed to fluctuate significantly in the course of an infection31.

Other risk factors associated with prevalent cervical HR-HPV infections include smoking and oral

contraceptive use. However, it is not clear whether smoking is associated with increased prevalence

independently of sexual activity37–39, or if it is simply a correlate of sexual behavior or sexual net-

work. The results of studies are inconsistent regarding the association between oral contraceptive use

and prevalent cervical HPV infection, with some studies showing no association39, increased risk with

contraceptive use37, and even decreased risk with contraceptive use40.

Genital HPV infection in men is commonly detected on the scrotum and the penis (shaft, glans, pre-

puce, and urethra). In a systematic review of heterogeneous populations, the majority of studies have

observed a prevalence of genital HPV among men above 20% (2%-35%)75. Prevalence of genital

HPV in men was measured at 50% in the HIM study32. The ongoing HIM study is conducted among
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a cohort of men recruited from the general population of Brazil, Mexico and Tampa Bay. This cohort

has been followed for around a decade to study the natural history of HPV in men. In the general

US population aged 18-59 years, the penile HPV prevalence was 45%26. Similarly to the situation in

women, risk of genital HPV in men increases with the number of sexual partners32;75 and lower age

at sexual debut75. Smoking and alcohol drinking are also associated with prevalent penile HPV26;42,

but it is unknown if these factors are predictors of prevalent infections independently of sexual ac-

tivity. The association between penile HPV and circumcision has also frequently been assessed due

to the known protective effects of circumcision against other infections. The results are not com-

pletely consistent, with some studies showing strong associations43;45;46, while other studies show no

association26;42. The association between penile HPV and condom use is puzzling: men reporting

intermittent condom use have higher HPV prevalence than men who report never using condom, even

after adjustment for lifetime number of sexual partners26;42. Furthermore, men who report always

using condom do not consistently have lower prevalence than men who report never using condom.

Age-specific incidence and prevalence seem to vary less in men compared to women32;76. Serocon-

version following an incident genital infection is much less common among men than women (13%

within 2 years)28. Furthermore, antibodies have not been found to be protective against subsequent

detection of HPV DNA on the penis77;78. These findings could explain the lower prevalence of serum

antibodies in men than women79 and the lesser variation in age-specific HPV prevalence/incidence

among men. It is also possible that the detection of HPV DNA on the penis is less often the result of a

true active infection. Median duration of genital HPV16 infection was observed to be 7.7 months and

12.2 months in two different studies32;33.

Oral infection

Prevalence of oral HPV in the general US population (14 to 69 years old) has been estimated at 10%47

for men and 4%47 for women, significantly lower than the prevalence at the genital sites of both men

and women. The three-fold higher prevalence of oral HPV among men than among women persists

even after adjustment for other demographic variables and sexual behavior variables47. The leading

hypothesis for this difference is that women more often acquire natural immunity from genital infec-

tions, which protects them from future oral infections48. The overall lower prevalence of oral HPV

infections compared to genital HPV infections appears to be mostly the result of lower incidence rather

than lower duration of infection80;81. Oral HPV has consistently been observed to be more prevalent

in smokers47;52 than in non-smokers, with or without co-variables adjustment (including measures

of sexual activity). Smoking has also been observed to be associated with both acquisition of oral

HPV infection and longer duration of infection52;82, but not consistently and the evidence is sparse.

Hence, it is still unclear if the higher prevalence in smokers is the result of greater susceptibility to

HPV acquisition, longer duration of infection or even confounding by uncontrolled variables related to

sexual activity83. HIV infection is also associated with higher prevalence and incidence of oral HPV

infection82;84. The duration of these infections may also be longer for HIV-infected individuals53.

Another possible risk factor is alcohol drinking47;49;50;82, but its association with incident or prevalent
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oral HPV is inconsistent throughout studies. Tonsillectomy could be protective of oral HPV infec-

tions82, but it has not received much attention in studies. Epidemiological studies have shown that

sexual activity is a key risk factor of HPV infection at the oral site in both men and women47;51;85. The

prevalence of oral HPV is particularly rare among virgin teenagers and adults (0.9%)47, highlighting

the importance of sexual activity in transmission of oral HPV. Oral sex is believed to have an impor-

tant role in transmitting the infection to the oral cavity, but the determination of specific sexual modes

of transmission is complicated by the correlation in sexual practices. Yet, an association between oral

HPV risk and the number of oral sex partners has been observed47;51, even after adjusting for the num-

ber of vaginal sex partners50;51. Barrier use during oral sex is also associated with less prevalence of

oral HPV after adjustment86. There is also similar, but weaker, evidence that deep kissing could be a

mode of transmission of oral HPV50;51;85. In the US, the age-specific prevalence of oral HR-HPV fol-

lows a bimodal distribution, the first peak at around 30 years and the second peak at around 60 years47.

It is not clear at the moment what kind of immune response elicit oral HPV infections, although there

are some evidences suggesting that infection of the tonsils could cause seroconversion79. Median

clearance time of oral HPV infection in the HIM cohort was 6.3 months for HR-types49, suggesting

that most infections are transient, similar to the situation at the genital site (although latent infections

are again a possibility).

Anal infection

Infection by HPV at the anal canal has been much less studied, except in some specific populations

(HIV+ individuals, MSM). Nevertheless, anal HPV infection has been shown to be common in both

men and women. The HIM study56 measured a prevalence of anal HPV of 16% among men from

the general population of Mexico, Brazil and Florida, while two studies measured a prevalence of

31% among young women in Costa Rica55 and of 27% among adult women in Hawaii54. Variables

measuring the level of sexual activity such as the number of sexual partners have been associated with

anal HPV in these studies in both men and women. The practice of anal intercourse has also been

associated with anal HPV prevalence among women54;55, and thus could be an important mode of

transmission to the anus. Smoking was observed to be a risk factor of prevalent anal HPV among

women independently of measures of sexual activity55. In women, having a genital HPV infection is

also a risk factor for prevalent anal HPV infection58–60, and this could be due to autoinoculation. In

MSM, receptive anal intercourse is a risk factor of anal HPV61;62. Furthermore, MSM have signifi-

cantly higher prevalence of anal HPV than Men-who-have-sex-with-women (MSW)56. HIV-positive

MSM have also a higher prevalence than HIV-negative MSM63;64;84 even after adjustment for mea-

sures of sexual activity. The age-specific prevalence of anal HPV was observed as being relatively

stable for both women and men54–56.

In a study of MSM87, anal HPV was observed to be the main predictor of seropositivity to type-

concordant HPV antibodies, while penile HPV showed no association with seropositivity and oral
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HPV showed a non-significant association with seropositivity. Although the results of this study are

not applicable to the general population, one explanation suggested by the authors is that infection at

mucosal sites has a higher chance of inducing seroconversion than infection at keratinized epithelium

like the penile shaft. In the HIM cohort, rates of seroconversion were 7% within 36 months of anal

HPV clearance. In the cohort of adult women from Hawaii57, median clearance of anal HPV was 5

months for HR-types.

Transmission and interaction between sites

HPV is thought to access the basal layer of the epithelium through micro abrasions24. Hence, direct

contact with the infected mucosa could transmit the infection if such micro lesions exist. As previ-

ously mentioned, there are strong evidences of an important role for penetrative sex (i.e., anal, vaginal

and oral sex) as modes of transmission between sites35;36;47;51;88. However, HPV could be transmitted

from one site to another through various other intimate contacts or even non-sexual contacts89. In

a longitudinal study of heterosexual couples, correlations between infections at sites not involved in

sexual intercourse has frequently been observed88. Hand-genital transmission between partners and

scrotum-penile self-inoculation could have occurred. Self-inoculation is suggested to be the result

of hand-genital contacts. Hands could thus be a bridge for infection between two sites. However,

detection of HPV DNA in this study could be the result of contamination, rather than true infection.

Another study found that HPV detection on the genitals was highly correlated with detection on the

hands, but HPV presence on the hands was more likely the results of self-inoculation rather than hand-

genital or hand-hand transmission between partners90. Other studies have reported that cervical HPV

infection caused a higher risk of incident and prevalent type-concordant anal HPV infection58–60, even

in the absence of anal sex. Non-penetrative modes of transmission such as autoinoculation from vagi-

nal shedding or intimate contacts during foreplay were suggested58. Toilet wiping behaviors60 were

also found to be associated with anal HPV60 in women with previous HPV-related genital neoplasia.

In a study of women, self-inoculation behaviors (e.g., putting fingers in mouth after having touched

genitals) were found to be predictive of oral HPV independently of measures of sexual activity91. A

meta-analysis of studies assessing HPV co-infection at the oral and cervical sites has concluded in

a greater-than-expected prevalence of these co-infections, supporting dependence between oral and

genital infections92. However, such dependence should not be over-interpreted, as it could be the

result of simply having an infected partner.

Challenges and biases in the study of HPV infection epidemiology

Assessing the causal role of risk factors of HPV infections Factors can be causally related to

prevalent HPV through various mechanisms: 1) increased susceptibility to acquiring new infections

upon contact with an infected (e.g., HIV), 2) increased duration of HPV infections, 3) increased ex-

posure to HPV infected individuals (e.g., high number of sexual partners, sexual activity of partners).

Investigators are often interested in identifying factors "biologically"-related to HPV, which typically

means factors that increase susceptibility or duration of HPV infections. Prevention of these biolog-
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ical causes will have a straightforward and predictable beneficial effect (e.g., HIV antiviral treatment

to reduce HPV duration) for the individual and indirectly the whole population. On the other hand,

causes related to HPV exposure and sexual network may have complicated and unpredictable effects.

Hence, to identify the biological causes, it is necessary to adjust for exposure to HPV infection. In

studies, this is often done by adjusting for measures of sexual activity at the individual-level, such as

the participants’ lifetime number of sexual partners. Yet, because HPV is a STI, the risk factors of

the sexual partners also need to be considered to accurately adjust for the risk of exposure to HPV.

This is sometime referred as the "male-factor"93–95 in studies of risk factors of cervical cancer and

cervical HPV infections, but this is rarely investigated due to the difficulties involved in acquiring

information on sexual partners. Therefore, in many analyses of risk factors of prevalent HPV, such

as smoking, confounding by risk factors of sexual partners (e.g., sexual activity) is a possibility that

is not considered. The potential for confounding by exposure to HPV has been an important issue in

the assessment of the inter-dependence between sites of infection and HPV types. In several studies,

having an infection at one site (e.g., genital site) was found to be a risk factor for having an infection at

another site35;59;92. Similarly, having an infection of one type (e.g., HPV11) or having another STI, is

often found to be a risk factor of having (or acquiring) an infection of another type (e.g., HPV16)96–98.

However, these data cannot be directly taken as evidence, for example, of synergy between HPV-types

or between other STIs and HPV. In fact, it may be that having a STI is associated with having sexual

partners at high-risk of any STI. Furthermore, it has been shown that correlation in the presence of

infections of different HPV-types or sites of infection is to be expected simply due to the fact that all

infections are transmitted through the same mode: sexual contacts99. In summary, obtaining conclu-

sive results from analyses of HPV risk factors is a task complicated by the lack of adjustment for HPV

exposure.

Understanding the natural history of HPV There are still many uncertainties and unknowns re-

garding the aspects of the natural history of HPV infection relevant to transmission: the duration of

infectiousness, the variation in infectiousness during the course of an infection, the possibility for

the virus to become latent and reactivate, the possibility of being re-infected during the course of

an infection, the possibility of acquiring local and systemic immunity to reinfection. Originally, the

prevailing paradigm was that most HPV infections cleared after about a year, infected individuals

were contagious during that period, and could develop natural systemic immunity (serum antibodies)

upon clearance72. However, results of longitudinal studies on the natural history of HPV infection are

difficult to interpret. Because HPV is mostly asymptomatic, identifying acquisition and clearance of

infection is based on HPV-DNA detection in exfoliated cells taken from the site of infection. However,

a positive HPV-DNA result may not always reflect an active infection, but rather a deposit of HPV-

DNA. In fact, HPV can even contaminate environmental surfaces100. Therefore, what is counted as

clearance of infection in studies may, in some cases, be instead clearance of a deposit. The infectious-

ness potential of these deposits is also unknown89. Furthermore, clearance of infection is determined

from a negative HPV-DNA test, but shedding of HPV-infected cells may diminish or even cease with-
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out true clearance of infection. Variation in shedding of HPV-infected vaginal cells was observed to

be correlated with the menstrual cycle101. Hence, dynamic immune-related factors could explain a

negative HPV-DNA test without actual clearance of infection. The hypothesis of infections frequently

becoming latent and reactivating has gained credibility72.

Longitudinal studies of HPV acquisition in individuals testing positive or negative to HPV serum

antibodies have not provided epidemiologists with a clear understanding of natural immunity to HPV.

Naturally acquired serum antibodies have not consistently been found to be protective against acqui-

sition of HPV72. It is possible that detection of a new HPV infection in a seropositive woman is the

result of the reactivation of a latent infection which may also have caused her seroconversion. It is

also unclear if naturally acquired antibodies protect systemically against infections at all sites, and if

there exists site-specific immunity.

Finally, little is understood about HPV infectiousness other than it could be associated with detected

HPV viral load. Viral load of HPV detected on the penis was found to be associated with concordance

of the infection in the female partner102. It is not known if viral load remains sufficiently high for

HPV to be transmitted throughout the whole course of an infection. It is plausible that viral load, and

thus infectiousness, will vary throughout the course of infection according to dynamic immune-related

factors.

0.3.2 Changes in sexual behavior pertaining to HPV transmission

Many aspects of sexual behavior have changed during the last century. Because HPV is predominantly

sexually transmitted, these changes in sexual behavior have likely affected the epidemiology of HPV

across birth cohorts.

Trends in vaginal sex (sexual intercourse)

An important trend in the US is the decline in age at first vaginal sex among women, which can be

traced back to birth cohorts from the 1910s103. For instance, around 4% of women born in the 1940s

have had sexual intercourse before the age of 15, whereas the proportion of teenage girls who have

had sexual intercourse in the 14-15 age-group was 13% in 2009104. Another marked trend is the

increase in the number of heterosexual partners, which can be observed between cohorts born before

1930 up to cohort born in 1970103;105. In 1990, the proportion of women born before the 1930s who

have had one or less lifetime number of sexual partners was 62% compared to 38% for women born in

the 1950s, even though these younger women had less time to accumulate partners. Between cohorts

born in 1940-49 and cohorts born in 1980-89, median lifetime number of partners has increased from

2.6 to 5.3 in women and from 6.7 to 8.8 in men10. In the same period, age at first sexual intercourse

decreased from 17.9 to 16.2 years in women and from 17.1 to 16.1 years in men10. These changes

were observed to be correlated with the reorganization of the course of sexual life, in particular the

lengthening of the premarital period103. In recent years, studies conducted among populations of
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teenagers have provided evidence that the trend of decreasing age at sexual debut in the past decades

may be stabilizing, or even reversing106–109. In particular, the proportion of teenagers who ever had

intercourse declined during the 90s, and was stable during the 2000s106;108.

Trends in oral and anal sex

The practice of both oral and anal sex has only recently been receiving attention in national surveys.

Yet, changes in these sexual practices are important as they may have affected the rates of transmission

of STIs. Two non-representative surveys conducted in 1940 and 1967 in populations of young college-

educated individuals have highlighted an increase in the practice of oral sex in the premarital period11.

In a study from France, an increase in the practice of oral and anal sex was observed between 1970

and 200612. In women aged 60-69 years, around 40% of women had experienced cunnilingus in

1970 compared to around 70% in 2006. The proportions were similar for men experiencing fellatio12.

These trends have also been partially observed in the US110. In a study comparing data from the NSFG

in 2002 with two studies conducted in 1991, an increase in the proportion of individuals practicing

oral and anal sex through the 90s as well as in the number of sexual partners was observed110. While

oral sex is now a common practice, regular practice of anal sex is still marginal110. In the US, 89% of

women aged 25-29 have performed fellatio and 46% have had anal sex in their lifetime, yet 50% have

performed fellatio in the past month104 and only 5% have had anal sex in the past month. Although

there have been concerns of a recent increase in the practice of oral sex among teenagers111, current

evidence does not support a strong change in the practice of oral sex among teenagers. The National

Survey of Adolescent Males has provided nationally representative data on this phenomenon between

1988 and 1995112. In this study, the proportion of virgin males who ever had oral sex did not increase

significantly, except among blacks teenagers112. A comparison of the 2002 with the 2006-2010 NSFG

showed no increase in the practice of oral sex among teenagers105.

Biases in trends in sexual behavior

The interpretation of data on trends in sexual behavior is complicated by at least two potential biases:

1) reporting bias in sexual behavior surveys (e.g., due to social/sexual norms113), 2) survivor bias

in older individuals if promiscuous behavior is associated with greater mortality. Both these biases

would be expected to result in lower reported sexual activity in older birth cohorts of women. In

fact, social norms and attitudes toward sexuality have shifted from conservative to liberal throughout

the century18, and therefore it was less accepted for older birth cohorts of women to be promiscuous

during their youth. Furthermore, sexual activity of older birth cohorts has to be assessed through the

reporting of very old participants, which may result in a survivor bias if participants alive are less

likely to be promiscuous. In men, these biases may be in the opposite direction, since there is a possi-

ble double standard in how sexual norms apply to men and women114.

These potential differences between men and women in the nature and the effect of sexual norms

may also explain the notable discrepancy in reported sexual partners among men and women115, with
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men reporting systematically greater number of female partners. In the UK population aged more

than 16 years, the mean number of lifetime partners is 14.14 in men and 7.12 in women, a 2-fold

difference116. The discrepancy is greater in older birth cohorts115, which would be coherent with

stricter cultural pressure and sexual norms, and with a resulting greater reporting bias in these older

birth cohorts115. Hence, one possible explanation for the discrepancy is that men tend to overestimate

their number of sexual partners and women tend to underestimate their number of sexual partners.

Supporting this, researchers have observed that the average number of sexual partners reported by

women was 2.6 when they thought someone could know their answer and 4.4 when they thought a

lie could be detected by the investigators117. In men in the same situations, the average number of

sexual partners went from 3.7 to 4.0. In men, overestimation may be the result of the higher prestige

associated with having many sexual partners118, or greater frequency of rounding up the number of

sexual partners due to a more skewed distribution116. It may also stem from the under-sampling and

under-reporting of highly sexually active females such as sex workers119. In fact, sex workers could

have hundreds, if not thousands of sexual partners in their lifetime119. Hence, even a low percentage

of sex workers could shift the mean number of sexual partners considerably119. Yet, in many surveys,

the lifetime number of sexual partners is right-censored at a much lower value (e.g., 50 in the NSFG).

The results of a recent analysis116 suggested that the discrepancy is due to men rounding up, men

reporting extreme values, and differences in sexual attitudes, rather than the under-sampling of sex

workers. However, the estimation of the contribution of sex workers to the discrepancy was based

on men’s reports of paid partnerships in a sexual behavior survey. Yet, men may under-report paid

encounters since these could decrease their prestige.

Epidemiology of HPV-associated cancers and prevention

Cervical cancers Cervical cancer accounts for most of the burden of HPV-associated cancers with

12 000 new cases per year in North America7. Cervical HPV infection is a necessary cause of cervical

cancers7. Genotypes 16 and 18 are involved in>70% of the cases22. Although most (>70%) cervical

HPV infections are cleared naturally within 2 years, a minority of these infections will persist, and

among the persistent infections few will progress to invasive cancer. The period of progression from

infection to cancer can last from 10 to 30 years, during which pre-cancerous lesions will form and

progress in grade of dysplasia120. Grades of lesions are divided as mild cervical dysplasia (cervical

intraepithelial neoplasia, CIN1), moderate cervical dysplasia (CIN2), and severe cervical dysplasia

(CIN3). Most CIN1 lesions will clear without intervention: the proportion regressing within 2 years

of detection is around 50%121. The CIN2/3 lesions have higher chance of persisting and leading to

cancer, but around 35% of these lesions will regress to CIN1 or less within 2 years of detection121.

Several characteristics of the host and of the virus are co-factors in the progression to cancer. Smok-

ing, taking oral contraceptives, and high number of childbirths have all been implicated in cancer

progression122–124. Non-attendance to cervical cancer screening is also one of the key risk factor125;

this is expected as screening was the only effective prevention tool before the introduction of vacci-

nation. The risk of progression to cancer is also highest for HPV16126. Risk of cancer for a specific
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genotype could vary by geographic region due to intratypic genetic variation127.

Head-and-neck cancers In North America, there is roughly the same number of new oropharyn-

geal cancer cases in men as of new cervical cancer cases per year (≈ 12 000 cases)7. It is estimated

that at least 60% of these cancers involve HPV and >85% of HPV-associated oropharyngeal cancers

involve HPV163. HPV is an established causal factor of the SCC of the base of the tongue and ton-

sils128;129, which account for over 90% of oropharyngeal cancers130. Other oropharyngeal cancers

and oral cavity cancers do not involve HPV as frequently131;132, and the role of HPV in these cancers

is still controversial. For oral cavity cancers, the etiologic fraction was estimated at 6%132. The HPV-

negative head-and-neck cancers have different etiological profiles, involving notably smoking and

alcohol consumption, diet and poor oral hygiene133. Evidences are not consistent as to whether smok-

ing and alcohol also play a role in HPV-associated oropharyngeal cancer133;134; smoking and alcohol

could be factors of progression from infection to cancer or factors of oral HPV acquisition47;133;135.

Tonsillectomy is also associated with a 85% reduction in tonsil cancer incidence among individuals

younger than 60 years old136. Because the practice of tonsillectomy has been under scrutiny in recent

years136, there was a possibility that a decrease in the practice of tonsillectomy could explain trends

in oropharyngeal cancer. However, a recent analysis has shown that it is unlikely that temporal trends

in tonsillectomy had a strong effect on temporal trends of tonsils cancer137. A higher number of oral

sex partners is strongly associated with incident HPV-positive oropharyngeal cancer133;138, and this

association is likely the result of the association between oral sex and oral HPV acquisition. HPV-

positive cancer patients are 3 years younger in average than patients with HPV-negative cancer14.

The incidence of HPV-associated oropharyngeal cancer is 4.9 times higher in men than women139,

and this could be explained by the higher prevalence of oral HPV prevalence in men (10%) than in

women (4%). In the US, the incidence of oropharyngeal cancer has increased by approximately 20%

since 1980140, but the increase is more marked among white males: more than 2-fold since 1980. The

increase of HPV-positive oropharyngeal cancers is partially masked by the decline in HPV-negative

oropharyngeal cancers. The actual increase in HPV-positive oropharyngeal cancers was estimated to

be more than 3-fold16.

Anal cancers Around 4000 new cases of anal SCC are diagnosed per year in North America7;141.

Infection by HPV is a causal factor of SCC of the anus141;142, and is detected in 90% of these can-

cers7. In particular, HPV16 is detected in around 65% of invasive anal cancer143. Similar to cervical

cancer, anal SCC has precursor lesions (AIN), which are graded according to the severity of dysplasia

(AIN1/2/3)144. Data on progression and regression rates of lesions are currently lacking, but the high

prevalence of anal HPV coupled with the low incidence of anal cancer suggests that fewer anal HPV

infections progress to cancer compared to cervical HPV infection144. Anal cancer disproportionately

affects certain sub-groups of the populations. Women who have had cervical cancer are at increasing

risk of anal cancer141, which could be due to the role of the cervix as a reservoir for HPV infection

at the anal canal58;60. MSM with and without HIV have respectively a 31-fold and 16-fold increased

incidence of anal SCC145. The association between MSM and anal cancer could be partly mediated
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by the association between receptive anal intercourse and anal cancer146. Smoking has also been

identified as an important risk factor of anal cancer146. In the US, the incidence of anal cancer has

increased by approximately 60% since 1975147.

A summary of the epidemiology of HPV-associated cancers is given in Table 0.2.
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Table 0.2 – Burden and risk factors of HPV-associated cancers

Proportion due to HPV
in the US

Incidence
in the US
(per 100 000)148

Risk factors

Cervical cancer
All HPV: 100%7

HPV16: ≈ 50%149 7.4
Sexual activity, smoking,
oral contraceptive, parity,
screening attendance122;123;125

Oropharyngeal cancer
All HPV: ≈ 60%7

HPV16: >55%3
4.3 in men
0.9 in women

HPV-related: Sexual activity133

HPV-unrelated: smoking, alcohol, diet133

Anal cancer
All HPV: ≈ 90%7

HPV16: ≈ 60%143
1.6 in men
2.3 in women

HPV related: Sexual activity,
immunosuppression (e.g., HIV), smoking145;146
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0.3.3 Prevention of HPV-related cancers and diseases

Screening

Screening for cervical cancer was introduced in the 1950s with the Pap test. Until recently, pre-

cancerous cervical lesions were detected using cytology (e.g., Pap test or liquid cytology), and then

lesions were confirmed by colposcopy. The severity of the lesion (LSIL, ASCUS, HSIL) required to

be referred for colposcopy varies across screening programs and physicians. HPV-DNA testing has

replaced cytology as the first-line test in some countries (e.g., Australia150, Argentina151), with cytol-

ogy being used in case of positive HPV-DNA results to determine whether a woman should be retested

later or should undergo colposcopy. HPV testing has also been introduced for triage of ASCUS and

LSIL after cytology (e.g., Denmark152, Norway153). HPV testing works by detecting existing HPV

infections with high-risk types (e.g., HPV16) in the cervix which are necessary for the occurrence of

lesions. This method has proven more sensitive than cytology, albeit at the cost of a loss of speci-

ficity154; this is why triage with cytology is useful in case of positive HPV testing. Confirmed lesions

can be treated by loop electrosurgical excision procedure, cryotherapy or cold knife conization155.

The burden of cervical cancer has been greatly reduced in past decades due to the success of screen-

ing and treatment of precancerous lesions. In the US, the incidence of cervical cancer has decreased

by 54% between 1973 and 2007156.

At this time, there is no screening for potential oral or anal precursor lesions, unlike for cervical

cancers. The equivalent of the Pap test for oropharyngeal cancer yielded inconclusive results in a

study157: no association between the presence of HPV16 and cytological abnormality was observed.

Because anal cancer is rare, screening would likely not be cost-effective in the general population.

Even among high-risk populations (e.g. HIV+ MSM), the cost-effectiveness of screening is unclear,

because of uncertainty around the natural history of anal cancer and around the effectiveness of the

various possible treatments of AIN lesions158.

Vaccination

Three prophylactic vaccines are currently available: the bivalent, quadrivalent, and nonavalent vac-

cines which protect against respectively HPV16 and -18, HPV16, -18, -6, -11, and HPV16, -18, -31,

-33, -45, -52, -58, -6, -11. All three vaccines have demonstrated high efficacy (>98%) in prevent-

ing cervical HPV infections and subsequent precursor lesions associated with HPV types included

in the vaccines159–161. The duration of protection cannot be determined yet, but no evidence of loss

of protection has been observed162, suggesting long duration of protection. For the bivalent vaccine,

the duration of protection exceeds 10 years163. The vaccines have also been shown to have efficacy

against oral and anogenital infections in men164;165.

Around 40% of the countries have introduced vaccination programmes against HPV, with more than
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80% of the HIC having done so5;166. The quadrivalent vaccine is the most commonly used in the pro-

grammes (50% of the market), but the newly introduced nonavalent vaccine has replaced the quadri-

valent vaccine in many HIC (28% of the market)5. Preadolescent girls (<12 years old) are the primary

target for vaccination with schedules varying from 2-doses to 3-doses166. The World Health Orga-

nization also recommends vaccination of multiple age cohorts of girls aged between 9 and 14 years

old for faster and broader protection at the start of the program167. Because of the financial cost of

mass immunization and the lower burden of male HPV-diseases, vaccination has been extended to

boys in some countries, but not all: the US, Switzerland, Australia Canada, Israel, Austria are all

vaccinating boys. Importantly, the list of countries vaccinating boys is growing, and the decisions of

extending vaccination to boys are being made based on considerations of gender-equity in addition to

effectiveness.

0.3.4 Models of HPV transmission and effectiveness of vaccination

Mathematical models integrate data on sexual behavior of the population and the natural history of

HPV infection and diseases to produce simulations of HPV transmission with and without vaccination.

Such simulations are currently the main method to obtain estimates of population-level effectiveness

and cost-effectiveness of vaccination. In fact, estimates from randomized trials (randomized at the

individual-level) of vaccine efficacy cannot account for herd immunity168. Herd immunity is the in-

direct protection non-vaccinated individuals receive when transmission is reduced by the vaccination

of a large enough proportion of the population. Without accounting for herd immunity, estimates of

efficacy and population-level effectiveness of vaccination can be underestimated.

More than 50 studies have been published on the effectiveness and cost-effectiveness of vaccination

against HPV infection169. In HIC, these analyses have consistently shown that vaccinating adolescent

girls is cost-effective regardless of the type of vaccine8;170;171. Vaccination of women older than 18

is not predicted to be cost-effective partly because the proportion of women infected by HPV prior

to vaccination would be too high171. Vaccination of boys may be cost-effective in a context of low

coverage among girls and low cost of vaccine dose8;170;171. For the same price, the nonavalent vac-

cine has been shown to be more cost-effective than the quadrivalent vaccine even when assuming a

shorter duration of protection and slightly lower efficacy172. Two-dose vaccine schedule is predicted

to be more cost-effective than three-dose schedule if the duration of the protection from two doses

is at least 20 years173;174. Likewise, one-dose schedule is predicted to be more cost-effective than

two-dose schedule if the duration of protection from one dose of vaccine is more than 20 years175.

Static vs dynamic models

To perform the analyses of effectiveness and cost-effectiveness, static and dynamic models have been

used8. Static models do not integrate the dynamic aspect of transmission: the incidence rate of infec-

tion among the susceptibles is assumed constant and independent of the number of infected. Thus,

static models cannot account for herd immunity, the indirect protection unvaccinated individuals gain
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through the vaccination of others. For this reason, static models will produce conservative estimates

of the benefits of vaccinating girls, which can be sufficient for policy-makers. However, transmission-

dynamic models are necessary to assess the benefits of adding boys to the vaccine programme8, as

herd immunity effect from girls vaccination may reduce the incremental gain of adding boys. Like-

wise, transmission-dynamic models are necessary to compare the effectiveness of different vaccine

schedules or strategies, such as the reduction in the number of doses or catch-up vaccination of older

females.

Transmission dynamic models of HPV infection

Transmission-dynamic models are mechanistic models of transmission: they include sexual partner-

ship formation, transmission within partnerships and the subsequent course of infection among the

infected. These models can be individual-based or compartmental depending on the degree of reso-

lution needed. Individual-based models are more convenient when a high degree of heterogeneity is

required for the model agents.

The transmission-dynamic models of HPV developed to inform current vaccination policy decisions

have followed the standard SIS176 (susceptible → infected → susceptible), SIR176;177 (susceptible

→ infected→ recovered/resistant) or SIRS178;179 paradigm. The different HPV genotypes are ideally

modelled individually, because grouping multiple HPV-types together as one infection will incorrectly

reproduce herd immunity180. The most common HPV-types modelled are 16, 18, 6 and 11, which are

responsible for the majority of the burden and are targeted by the quadrivalent vaccine. Models have

also included HPV-types targeted by the nonavalent vaccine: 31/33/45/52/58172;181.

A core element of these transmission-dynamic models of HPV infection is the simulation of the sexual

activity of the model population, which will cause the virus to spread. To reproduce sexual activity,

the population is typically stratified according to the level of sexual activity and the age of individu-

als182. Individuals in the model form sexual partnerships at different rates depending on their level

of sexual activity and age. With whom individuals form partnerships is specified through a matrix of

probabilities called "Who-mixes-with-whom"183. A common feature of such matrix is assortativity:

the greater likelihood that two individuals forming a partnership share similar characteristics (e.g.,

similar age). HPV transmission models also have to account for the demographic characteristics of

the simulated population (e.g., the distribution of age). In a recent meta-analysis on predictions from

transmission-dynamic HPV models, the sources of heterogeneity in the predictions of different mod-

els were identified169. Among other factors, stratification of the population by level of sexual activity

was identified as having a great impact on predictions.

Calibration of HPV transmission-dynamic models

To simulate HPV transmission, models depend on the parameters governing sexual behavior (e.g., sex-

ual partner acquisition rate, who-mixes-with-whom matrix), and on the parameters of natural history
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of infection and diseases (e.g., duration of infection). These parameters are informed by calibrating

the models to a multitude of data sources184 including sexual behavior surveys, cross-sectional studies

of HPV prevalence or seroprevalence, and longitudinal studies of HPV incidence and clearance. These

empirical data have been used to produce calibration targets such as the number of sexual partners per

year, age-specific prevalence, seroprevalence or incidence of HPV16, of CIN lesions and of cervical

cancer184. Several statistically rigorous methods for calibrating models to data have been employed:

likelihood maximization185, Bayesian computation178 and Approximate Bayesian Computation186.

These methods can all account for parameter uncertainty which stems from variance in simulations (if

model is stochastic) and in the calibration data. Uncertainty around the parameters of the vaccine pro-

gramme (e.g. vaccine coverage) or parameters uninformed by data (e.g., parameter of assortativity)

has been assessed through sensitivity analyses186.

Specificities of HPV transmission-dynamic models

Closing the population HPV models, unlike many other infectious diseases models, are not typi-

cally calibrated to time-series of case count data. This is because most HPV infections are asymp-

tomatic and require DNA sampling for detection. Hence, it is logistically difficult to get incidence

data on a large sample. Rather, infection frequency in the general population is measured as preva-

lence of infection or prevalence of antibodies, as in NHANES. The calibration to prevalence data only

rather than incidence data is more complex. Indeed, prevalent infection or seroprevalence can be the

consequence of sexual activity that occurred long ago which means that models should technically

simulate sexual behavior and transmission that occurred decades before occurrence of prevalence data

and sexual behavior data. Furthermore, HPV has been present in human populations for thousands of

years, so a recent epidemic period with a baseline null HPV prevalence cannot be identified unlike for

infections like a new strain of flu or HIV. In summary, with HPV models, there is the issue of closing

the population with respect to transmission: defining a population for which we have data and such

that transmission does not depend on individuals outside the population (e.g., individuals of previous

generations).

To circumvent this issue, an assumption of stability is frequently implicit in HPV models186;187. It is

assumed that the observed HPV prevalence, HPV transmission, and the sexual behavior of the popula-

tion is at equilibrium; the sexual behavior of the current older cohorts is thus the future sexual behavior

of the current younger cohorts. With these assumptions, a baseline HPV prevalence is obtained by

simply simulating transmission with the model until an equilibrium state is reached.

HPV is a localized infection Because cervical cancers account for an estimated 87% of all HPV-

attributable cancers worldwide7, the main focus of HPV related research and prevention has tradition-

ally been cervical cancer and anogenital warts. Hence, most models used to answer questions related

to the effectiveness and cost-effectiveness of different HPV vaccination strategies and schedules have

included cervical cancer and anogenital warts as possible diseased states following an HPV infec-
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tion182;187, but few have included oropharyngeal or anal cancers. Furthermore, to our knowledge,

none of the models of heterosexual transmission of HPV used for policy decisions developed over the

past 15 years have incorporated extragenital infections and multi-site transmission, although models

including MSM can include at least two sites (the anal or penile site)? . Indeed, previous models of

heterosexual transmission were "uni-site" models, where infection is only acquired and transmitted at

one site in women (cervix/vagina) and men (penis)188. Few of these uni-site models have also been

used to predict the reduction of non-cervical HPV-related cancers173;189 (e.g., oropharyngeal cancers)

due to vaccination. In these analyses, all HPV-related cancers are assumed to stem from the same

uni-site infection in both men and women. Hence, the transmission of infections at the extragenital

sites that results in extragenital cancers is not reproduced, which may cause bias in predictions of

reduction of these cancers. Furthermore, the dynamics of transmission at the cervicovaginal site may

be different in the presence of multi-site transmission190. As a consequence, estimates of vaccination

effectiveness against cervical cancer could change with the inclusion of multi-site transmission. Im-

portantly, the inclusion of multi-site infections in transmission models comes with additional questions

and complexities regarding natural history of infection. For instance, it becomes crucial to distinguish

between site-specific and systemic natural immunity.

Interestingly, the problem can also be posed for multi-site infections within a specific macro-site191.

For instance, cervical HPV infections may be better represented as infections of specific patches within

the cervix, rather than the whole cervix. This may also have implications for transmission dynamics

as an infected individual could get infected at another patch, and infectiousness could depend on the

size of the area infected. In brief, the localized nature of HPV infections is not captured by the current

HPV models of natural history.

Using transmission-dynamic models to understand biases in epidemiological studies As men-

tioned in 0.3.1, results of studies on the epidemiology of HPV can be difficult to interpret. This is

in part because HPV is an infectious disease, and the methodology used in studies is adapted to non-

transmittable outcomes (outcome for which the stable-unit-treatment-value assumption (SUTVA) is

plausible192). Transmission-dynamic models can be used as the complex causal system that generates

the data observed in HPV studies. Doing this replaces the violated SUTVA with the assumptions

underlying the transmission-dynamic model used. Within this new system, the data observed in the

studies may be reanalyzed, and potential biases in the original analysis can be assessed. For instance,

this methodology has been used to show that the data used as evidences against cross-immune inter-

actions between HPV-types may be reproduced in a transmission-dynamic model even in the presence

of cross-immune interactions99. Simulations from transmission-dynamic models can also be used to

help determine optimal study design with respect to statistical power and magnitude of bias193–195.
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0.3.5 Summary of methods

We developed different models to address our three objectives. The general characteristics of these
models are presented in Table 0.3. Importantly, our models were not used to produce accurate pre-
dictions of effectiveness or cost-effectiveness of interventions, but rather to understand three specific
phenomena.
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Table 0.3 – Description of the models used in the thesis

Models type Model stratification Modelled outcome Calibration targets Outcome measures

Objective 1

• Dynamic
• Deterministic
• Compartmental
• SIRa

• Gender
• Level of

sexual activity

• Genital HPV16
• Extragenital HPV16b

HPV16 prevalence
(Genital, oral
and anal)

Prevalence ratio
of genital HPV16
post-vaccination compared
with pre-vaccination

Objective 2

• Dynamic
• Stochastic
• Individual-based
• SIRa

• Gender
• Age
• Year of birth
• Sexual life

history

• Genital HPV16
• Oral HPV16
• HPV16-related

oropharyngeal
cancer
• HPV16-related

cervical
cancer

• HPV16 prevalence
(Genital, oral)
• HPV16-related

cancers incidence
(cervical and
oropharyngeal)

Incidence of
HPV16-related
oropharyngeal and
cervical cancers

Objective 3

• Dynamic
• Deterministic
• Compartmental
• SIRa

• Smoking status
• Level of

sexual activity
• Genital HPV16

HPV16 prevalence
(Genital)

Odds ratio of
HPV prevalence
between smokers
and non-smokers

a : Susceptible→Infected→Recovered natural history, b : multi-site model only
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The first objective of this thesis is to assess the impact of including multi-site transmission to cur-

rent uni-site HPV models on predictions of the population-level effectiveness of HPV vaccination.

Hence, we developed for this objective a model of multi-site HPV transmission in addition to a uni-

site transmission model. Both models were based on ordinary differential equations. The models

formulation can be found in the Appendix A and are described in Chapter 1. The uni-site model simu-

lated HPV transmission only at the genital site (between the penis and the cervico-vaginal site), while

the multi-site model simulated transmission at the genital site and at one extragenital site representing

either the oral or the anal site. Furthermore, HPV transmission between the genital and extragenital

sites was included. Thus, there were four possible pathways of transmission in the multi-site model:

genital→extragenital, genital→genital, extragenital→extragenital, extragenital→genital. HPV infec-

tions were cleared according to a rate specific to each site. Upon clearance of infection, there was

a probability of developing natural immunity. We considered different scenarios regarding the effect

of natural immunity: site-specific immunity provided lifelong protection only for one site, and sys-

temic natural immunity provided lifelong protection for both sites. We estimated the probabilities

of transmission per partnership by fitting the models to age-specific HPV16 prevalence at the genital

and extragenital sites (i.e., oral and anal). Finally, we predicted the population-level effectiveness of

girls-only HPV vaccination by estimating the percent reduction in genital HPV16 prevalence at post-

vaccination equilibrium (i.e., more than 100 years after the start of vaccination).

The second objective is to examine how changes in specific aspects of sexual behavior such as mixing,

rates of new partner acquisition, sexual practices, age at sexual debut, may have impacted trends in

HPV-related oropharyngeal and cervical cancer incidence since the 1970s, and predict future trends

in these cancers. We developed for this objective a stochastic individual-based transmission-dynamic

model. Detailed description of the model can be found in the Appendix B and C, and is described in

Chapter 2. Briefly, the model population included individuals born between 1850 and 1999 and aged

between 12 and 44 years old. We reproduced their sexual history, which included: sexual partner-

ships occurring in the context of cohabitation, sexual partnerships occurring outside cohabitation, and

whether oral sex was practiced within each partnership. Sexual activity was determined based on data

from the NHSLS, NSFG and GSS and three surveys from France. Then, we simulated HPV16 trans-

mission at the genital and oral sites from 1862 (the year when those born in 1850 turn 12) to 2015.

Transmission was based on two probabilities: 1) the probability of acquiring a genital infection within

a partnership with someone infected at the genital site, 2) the probability of acquiring an oral infec-

tion within a partnership with someone infected at the genital site and on whom oral sex is practiced.

HPV infections cleared according to a rate and, upon clearance, there was a site-specific probability of

developing lifelong systemic immunity. Infected individuals could progress to either oropharyngeal

or cervical cancer, according to two parameters that were gender- and site-specific: 1) the probability

of a newly acquired infection to progress toward cancer, 2) the dwell time between the acquisition of

infection and the diagnosis of cancer for infections that progress toward cancer. We estimated the two

probabilities of HPV16 transmission by fitting HPV16 prevalence in 2015 at the oral site in men and
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at the genital site in women among the US population aged between 20 and 30 years. We estimated

the parameters of progression from infection to HPV16-related cervical and oropharyngeal cancers by

fitting the age-specific incidence of these cancers in the US. We used the years 1973-1975 for cervical

cancer incidence and the years 1984-1985 for oropharyngeal cancer incidence. With the calibrated

model, we produced predictions of the incidence of HPV16-related oropharyngeal and cervical can-

cers (without screening) between 1915 and 2045. Figure 0.1 illustrates the process and the data used.

The third objective of the thesis is to determine conditions under which assortative mixing could

cause bias in studies examining the causal role of risk factors of STIs and quantify the magnitude of

this potential bias. We developed a deterministic HPV16 transmission-dynamic model using ordinary

differential equations. Only one site of infection is included in the model. The model formulation

can be found in the Appendix D and is described in Chapter 3. The model included stratification for

two levels of sexual activity and two levels of smoking habits (smokers and non-smokers). There

were two important characteristics of the model population: 1) smokers had higher level of sexual

activity, 2) sexual mixing was assortative with respect to smoking status. The latter means that smok-

ers had higher chance of forming partnerships with smokers (and symmetrically for non-smokers).

Model parameters included the probability of HPV16 transmission per partnership, HPV16 clearance

rate, and the probability of developing natural immunity upon clearance, the degrees of assortativity

by smoking status and level of sexual activity. All parameters, but the degrees of assortativity, were

based on prior modelling work. The degrees of assortativity were assumed in the main analysis but

were varied extensively in sensitivity analyses due to their uncertainty. We then simulated the con-

duct of a cross-sectional study in the model population in which the association between smoking and

HPV16 prevalence is estimated as an odds ratio of HPV16 prevalence. The measure of association is

estimated both with and without adjustment for sexual activity of the participants. In this fictive study,

sexual activity is perfectly adjusted for and there is no other potential confounder at the individual-

level. Furthermore, smoking is not a biological cause of infection in the model, which means that the

only possible reason for a deviation from the null association would be a bias due to assortativity with

respect to smoking status. We termed this bias assortativity bias.
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Figure 0.1 – Summary of the methodology and data used for objective 2. A mathematical model
was developed which reproduces sexual behavior, HPV transmission and development of cancer in the
last century. The model was calibrated to empirical data on sexual behavior, HPV infection prevalence,
and HPV-related cancers incidence.
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Chapter 1

Modelling multi-site transmission of the
human papillomavirus and its impact on
vaccination effectiveness

1.1 Résumé

Traditionnellement, les modèles de transmission des virus du papillome humain (VPH) incluaient

uniquement la transmission génitale. Nous avons comparé les prédictions d’efficacité populationnelle

de la vaccination contre l’infection génitale au VPH16 chez les femmes, avec un modèle uni-site

(génital), et un modèle multi-site (génital et extra-génital). Nous avons calibré ces modèles à la pré-

valence de VPH16 (génital: 5%-7.5%; extra-génital: 0%-7.5%). L’immunité naturelle pouvait être

systémique (tous les sites) ou spécifique à un site. L’issue était la réduction relative de la prévalence

de VPH16 génital chez les femmes post-vaccination (RRprev). En supposant une immunité spéci-

fique, RRprev était généralement supérieur avec le modèle multi-site que l’uni-site. Cette différence

était plus importante si la transmission extra-génital→génital était élevée. En supposant une immunité

systémique, RRprev était généralement inférieur avec le modèle multi-site. Ces résultats suggèrent

que l’efficacité populationnelle de la vaccination prédite avec un modèle uni-site a peu de chance

d’être significativement biaisées.

1.2 Abstract

Objective: Previous HPV models have only included genital transmission, when evidence suggests

that transmission between several anatomical sites occurs. We compared model predictions of population-

level HPV vaccination effectiveness against genital HPV16 infection in women, using a 1) uni-site

(genital site), and a 2) multi-site model (genital and one extragenital site).

Methods: We developed a uni-site and a multi-site deterministic HPV transmission model, assuming
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natural immunity was either site-specific or systemic. Both models were calibrated to genital HPV16

prevalence (5%-7.5%), whilst the multi-site model was calibrated to HPV16 prevalence representa-

tive of oral (0%-1%) and anal (1%-7.5%) sites. For each model, we identified 2,500 parameter sets

that fit endemic genital and extragenital prevalences within pre-specified target ranges. In the Base-

case analysis, vaccination was girls-only with 40% coverage. Vaccine efficacy was 100% for all sites

with lifetime protection. The outcome was the relative reduction in genital HPV16 prevalence among

women at post-vaccination equilibrium (RRprev). RRprev was stratified by extragenital prevalence

pre-vaccination.

Results: Under assumptions of site-specific immunity, RRprev with the multi-site model was gen-

erally greater than with the uni-site model. Differences between the uni-site and multi-site models

were greater when transmission from the extragenital site to the genital site was high. Under assump-

tions of systemic immunity, the multi-site and uni-site models yielded similar RRprev in the scenario

without immunity after extragenital infection. In the scenario with systemic immunity after extragen-

ital infection, the multi-site model yielded lower predictions of RRprev than the uni-site model.

Conclusion: Modelling genital-site only transmission may overestimate vaccination impact if ex-

tragenital infections contribute to systemic natural immunity or underestimate vaccination impact if a

high proportion of genital infections originate from extragenital infections. Under current understand-

ing of heterosexual HPV transmission and immunity, a substantial bias from using uni-site models in

predicting vaccination effectiveness against genital HPV infection is unlikely to occur.

1.3 Introduction

Human papillomavirus (HPV) is a sexually transmitted infection (STI), able to infect the basal epithe-

lial layer of the cervix, oral cavity, the anus and the genitals. The main focus of HPV related research

and prevention has historically been cervical cancer, for which HPV is a necessary cause. This is

mainly because cervical cancers account for an estimated 87% of all HPV-attributable cancers world-

wide7. However, research on non-cervical HPV infections and disease has dramatically increased

since 2005. Two main reasons explain this intensified focus on non-cervical HPV: 1) a steep increase

in the incidence of oropharyngeal and anal cancers in the US and other high income countries7;196

and 2) recent results showing that HPV vaccines are highly effective at preventing persistent HPV

infection and pre-cancerous lesions in sites other than the cervix197–200.

Despite the recent focus on non-cervical HPV research, there remain significant gaps in knowledge,

particularly around HPV transmission to and immunity between cervical and non-cervical sites. The

few epidemiological studies on multi-site HPV infection/transmission suggest that autoinoculation

within one host, or inter-site transmission between individuals may occur88;201. Plausible modes of

inter-site transmission include oral sex, anal sex, or indirect transmission through contact with hands.
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Autoinoculation between the genital and oral or anal sites could occur through intermediate contact

with the hands60;91 or through virus shedding in the anogenital region58. Therefore, HPV infection at

one site is likely dependent on transmission from other sites. As for natural immunity, studies suggest

that production of antibodies is much more frequent following cervical infections than non-cervical

infections27;29. However, it is unclear whether antibody response is synonymous with systemic pro-

tection against subsequent infections at other sites. Furthermore, the role of local immunity, either

humoral or cell-mediated, in protecting against subsequent infections is not well understood. Hence,

there could be site-specific differences in immune response and vulnerability to subsequent infections.

None of the 19 HPV transmission-dynamic models developed over the past 10 years to assess HPV

vaccination effectiveness202 have incorporated multi-site infections/transmission, which may have

biased their predictions. Indeed, all previous models were "uni-site" models, where infection is only

acquired and transmitted at one site in women (implicitly the cervico-vaginal region) and men (implic-

itly the penis). Furthermore, the bulk of previous models were only fit to age-specific HPV infection

data at the cervico-vaginal site188. By ignoring other potential markers of infection and sources of

transmission from extragenital infections, these uni-site models may be biased in their predictions of

long term post HPV vaccination dynamics (e.g., herd effects and population-level effectiveness).

Given that the predictions of previous HPV models, based on a uni-site transmission paradigm, were

highly influential in HPV vaccination policy decisions worldwide203, it is important to assess the ro-

bustness of the predictions to assumptions about multi-site transmission and natural immunity. The

objectives of this study are to: 1) compare predictions of HPV16 vaccination effectiveness and herd

effects between multi-site and uni-site transmission-dynamic models, under various assumptions of

HPV16 transmission and natural immunity, and 2) understand the effect of the key factors of transmis-

sion responsible for difference in predictions of HPV16 vaccination effectiveness between multi-site

and uni-site models.

1.4 Material and methods

We developed two multi-site models and one uni-site model to address our objectives.

1.4.1 Comparing predictions of HPV16 vaccination effectiveness between multi-site
and uni-site transmission-dynamic models

Model structure

To address objective 1, predictions of HPV16 vaccination effectiveness are compared between a uni-

site and a multi-site model. We developed a uni-site and a multi-site deterministic HPV16 transmission

model based on the Susceptible-Infectious-Recovered paradigm (see the Supplementary material for

the flow diagrams and the model equations). For both models, the population is 1) heterosexual, 2)

28



open and stable (deaths balance births), and 3) stratified according to gender and two levels of sexual

activity. Mixing between levels of sexual activity was assumed to be random. For simplicity, we did

not stratify the models by age. On average, individuals spend 15 years in the modelled population,

representing the peak years of sexual activity (15-30 years).

The only structural differences between the uni-site and multi-site models are in HPV16 transmis-

sion and natural immunity. The uni-site model represents transmission between the cervico-vaginal

site and penis, and the probability of natural immunity following clearance is allowed to vary between

0-100% in both women and men. On the other hand, the multi-site model represents the following

four transmission pathways: 1) extragenital → extragenital, 2) extragenital → genital, 3) genital →
genital and 4) genital → extragenital. In the multi-site model, the extragenital site can either be the

oral or anal site. Each pathway has its own probability of transmission, which is modeled per sexual

partnership (i.e., we did not model duration of sexual partnerships, the specific number of different

acts within a partnership or use transmission probabilities per act).

Scenarios with and without autoinoculation between the two sites were investigated. With autoinoc-

ulation, individuals infected at one site can get infected at the other site without sexual exposure,

according to two time-homogeneous rates corresponding to the two possibilities (genital→ extragen-

ital and extragenital → genital). Given uncertainty in the literature about natural immunity and the

possible impact of natural immunity assumptions on predictions, we modelled 4 scenarios. In sce-

nario 1, individuals can only acquire immunity upon clearing genital infection and immunity protects

against subsequent genital infections, but not against extragenital infections (Local immunity after

genital infection only). In scenario 2, individuals can acquire local immunity upon clearing genital

and extragenital infections (Local immunity after genital and extragenital infections). In scenario 3,

individuals can only acquire immunity upon clearing genital infection and immunity protects against

subsequent infection at any site (Systemic immunity after genital infection only). Finally, in scenario

4, individuals can acquire systemic immunity upon clearing genital or extragenital infection (Systemic

immunity after genital and extragenital infection).

Parameterization and fitting procedure

To compare vaccination effectiveness predictions between the uni-site and multi-site models, the

models were calibrated to the same pre-vaccination HPV16 prevalence at the cervico-vaginal site

(prevalence=5.0-7.5%). The lower and upper bounds of HPV16 prevalence were based on estimates

from two studies among US women between 14 and 30 years old (around 5.0%204 and 7.5%41).

In addition, the multi-site model was calibrated to HPV16 prevalence representing either the oral

(prevalence=0.0-1.0%47;52) or the anal site (prevalence=1.0-7.5%56;205) (see Table 1.1). We chose

wide ranges for HPV16 prevalence at the extragenital sites to enable greater generalizability of re-

sults. The models were calibrated to HPV16 prevalence by varying HPV16 transmission probabilities

from females to males and from males to females. A maximum relative difference of ±15% was
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allowed between male-to-female and female-to-male probabilities of transmission. In scenarios with

autoinoculation, the two rates of autoinoculation (genital → extragenital and extragenital → geni-

tal) were also varied and assumed to be the same for males and females. All other parameters were

also identical between males and females and were fixed based on available data in the literature206

and prior modelling work207 (see Table 1.1). To select the parameters that produced the best fit to

the HPV16 prevalence data, we used a 4 step procedure: 1) each parameter was given a uniform

prior (probability of transmission between 0-100%), 2) parameter sets were drawn from the prior dis-

tributions using Latin Hypercube Sampling186;208, 3) parameter sets were selected if they produced

HPV16 prevalence estimates within the prespecified target intervals (see Table 1.1), and 4) the cal-

ibration procedure was stopped once about 2,500 parameter sets were selected. The uni-site model

was calibrated a single time while the multi-site model was calibrated eight times for each of the four

different scenarios of natural immunity and the two scenarios of autoinoculation (with or without).

Analysis design and outcome

To investigate the effect of multi-site transmission on estimates of vaccination effectiveness, we mod-

elled a girls-only vaccination scenario, assuming 100% vaccine efficacy against infection (at all mod-

elled sites) and lifelong duration of protection.

For comparisons between the uni-site and multi-site model predictions of vaccination effectiveness,

we used the relative reduction in genital HPV16 prevalence at the post-vaccination equilibrium com-

pared to no vaccination. Results are presented using the median, the minimum and maximum, the 25th

and 75th percentiles of simulation results using the 2,500 parameter sets identified through calibration.

We assumed vaccination coverage was 40% in the base case, but varied coverage between 0% and

100% in sensitivity analyses.

1.4.2 Understanding the effect of the key factors of transmission responsible for
difference in predictions of HPV16 vaccination effectiveness between multi-site
and uni-site models.

To address objective 2, we proceeded in two steps:

Step 1: Analysis with a simplified multi-site model

First, a simplified homogeneous multi-site model was used for general tractability and theoretical

insights. We identified three key factors responsible for differences in HPV vaccination effective-

ness predictions between the multi-site and uni-site models (see Supplementary materials A): 1) the

proportion of all incident genital infections that are due to extragenital→ genital transmission at pre-

vaccination equilibrium (Factor 1: proportion of genital infections caused by extragenital infections);
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Table 1.1 – Uni-site and multi-site model calibration

Multi-site model Uni-site model

Calibration target: Genital Genital
HPV16 prevalence [5%-7.5%]41;204 [5%-7.5%]41;204

(females)
Extragenital
[0%-7.5%]47;52;56;205

Scenarios of natural • Local immunity after genital infection, • Immunity after genital
immunity infection

• Local immunity after genital
and extragenital infection,

• Systemic immunity after genital
infection,

• Systemic immunity after genital and
extragenital infection

Varying parameters Probabilities of transmissiona: Probabilities of transmissiona:
• Genital→ Genital, • Genital→ Genital
• Genital→ Extragenital,
• Extragenital→ Extragenital,
• Extragenital→ Genital

Rates of autoinoculation:
• Genital→ Extragenital,
• Extragenital→ Extragenital,

Fixed parameters Average duration of infection: Same values of fixed
• 1.5 years (based on cervical HPV206) parameters as in the multi-site

model
Effective average rate of new partner
acquisition per year:
• Low level of activity (95%): 1.4
• High level of activity (5%): 5.7

Probability of developing natural
immunity after infection207: 45%

(a)Male-to-female and female-to-male probabilities of transmission were allowed to be different (maximum relative
difference allowed= ±15%). All other parameters were equal between men and women.
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this proportion is obtained by dividing the incidence of genital infections caused by the transmission

of an extragenital infection to the genital site by the total incidence of genital infections, 2) proportion

of extragenital infections caused by genital infections at pre-vaccination equilibrium (Factor 2), 3)

proportion of susceptibles to extragenital infections at pre-vaccination equilibrium (Factor 3).

Model structure. The simplified multi-site model follows the same Susceptible-Infected-Recovered

structure as the model described in section 1.4.1 (see Supplementary material A for the model equa-

tions) with the four transmission pathways modelled as probabilities per instantaneous partnership.

However, in contrast, the model includes one level of sexual activity, one gender, no autoinoculation,

and transmission from individuals infected at the genital and extragenital sites occur independently

(i.e., two independent modes of transmission).

Parameterization and fitting procedure. We used the same values of duration of infection and prob-

ability of natural immunity as for the model developed for objective 1 (see Table 1.1). For simplicity,

natural immunity was assumed to be local after genital infections (which corresponds to scenario 1 in

objective 1).

We aimed to assess the effect of genital→ extragenital and extragenital→ genital transmission prob-

abilities on predicted vaccination effectiveness. To do this, we calibrated the four transmission prob-

abilities to targets of 7% for endemic genital prevalence and 3% for endemic extragenital prevalence.

These targets were based on HPV16 prevalence targets for objective 1. The four transmission proba-

bilities were calibrated by solving algebraically the model equations to obtain 10 000 parameter sets.

Analysis design and outcome. For objective 2, we used the minimum vaccination coverage needed to

eliminate the infection in the population as our main outcome (the elimination threshold, qc). We es-

timated the elimination threshold from the basic reproductive number (R0). For the simple multi-site

model, the elimination threshold is given by
(
1− 1

R0

)
. We computed R0 as the leading eigenvalue of

the Next-Generation-Matrix209.

Step 2: Analysis with the heterogeneous multi-site model

In step 2, we assessed the effect of Factors 1, 2 and 3 on predicted HPV16 vaccination effectiveness

using the heterogeneous multi-site model described in section 1.4.1. To achieve this, we calculated,

before vaccination, from all the parameter sets identified during the calibration process in objective

1: the proportion of genital infections caused by extragenital infections (Factor 1), the proportion of

extragenital infections caused by genital infections (Factor 2), and the proportion of susceptibles to

extragenital infections (Factor 3). We then examined the relationships between these outcomes and

HPV16 vaccination effectiveness.
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1.5 Results

1.5.1 Comparing predictions of HPV16 vaccination effectiveness between multi-site
and uni-site transmission-dynamic models

Effect of multi-site transmission on vaccination impact assuming local immunity only after
genital infection (scenario 1) or local immunity after genital infection and extragenital infection
(scenario 2)

Under the assumption of local immunity after genital infection, the impact of vaccination on the

population-level prevalence of genital HPV16 infection predicted by the multi-site model is similar to

the uni-site model when extragenital prevalence is low, but the multi-site model predicts substantially

greater vaccination effectiveness when extragenital prevalence is high (Figure 1.1A and Table 1.2).

The difference is even greater when comparing the 75th quantiles or the maximum predicted effec-

tiveness (Figure 1.1A and Table 1.2). Finally, the inclusion of autoinoculation caused a decrease in

predicted effectiveness by around 6 percentage points, assuming an extragenital prevalence between

3.0% and 7.5%.

Under the assumption of local immunity after genital and extragenital infections, predicted effec-

tiveness with the multi-site model is slightly greater than with the uni-site model when extragenital

prevalence is low, and slightly lower when extragenital prevalence is high (Figure 1.1B and Table 1.2).

As in scenario 1, the distribution of predicted effectiveness with the multi-site model is much more

skewed toward higher values (see Figure 1.1B and Table 1.2). Overall, the difference in predictions

between the two models is lower in scenario 2 than in scenario 1. Autoinoculation had little impact

on predicted effectiveness.

Effect of multi-site transmission, assuming systemic immunity after genital infection only
(scenario 3) or systemic immunity after genital and extragenital infection (scenario 4)

Under the assumption of systemic immunity after genital infection, predictions with both models are

almost identical with or without autoinoculation (Figure 1.1C and Table 1.2). Under the assumption of

systemic immunity after genital and extragenital infections, predicted effectiveness with the multi-site

model is lower than with the uni-site model (Figure 1.1D and Table 1.2). The difference between the

uni-site and multi-site models increases with higher extragenital prevalence. Autoinoculation caused

an increase in predicted effectiveness up to 5 percentage points, assuming an extragenital prevalence

of 3.0%-7.5%.
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Table 1.2 – Predicted effectiveness of vaccination against genital HPV16 infection for the multi-
site and uni-site models by scenario and extragenital prevalence

Multi-site model Uni-site model
Extragenital prevalence

[0%-1%[ [1%-3%[ [3%-5%[ [5%-7.5%]
Local immunity
after genital infections
with Autoinoculation 61%(58-64) 65%(62-71) 67%(63-72) 66%(61-71) 59%(57-62)

without Autoinoculation 61%(58-65) 67%(62-76) 73%(66-81) 72%(66-81)
Local immunity
after genital and extragenital infection
with Autoinoculation 62%(58-65) 64%(60-68) 61%(59-63) 56%(54-58) 59%(57-62)

without Autoinoculation 62%(58-65) 65%(61-70) 63%(60-66) 57%(59-61)
Systemic immunity
after genital infection
with Autoinoculation 59%(57-62) 61%(59-64) 60%(57-62) 58%(56-61) 59%(57-62)

without Autoinoculation 61%(58-64) 62%(59-65) 61%(59-64) 60%(58-62)
Systemic immunity
after genital and extragenital infection
with Autoinoculation 58%(56-62) 57%(54-60) 54%(52-56) 50%(49-52) 59%(57-62)

without Autoinoculation 58%(55-61) 54%(52-56) 50%(49-51) 47%(47-48)
In the base-case, vaccination program is girls-only with 40% coverage and vaccine is assumed to have
100% efficacy and lifelong duration for the two sites of infection. Models predictions are presented
as the median and intervals denote the 25th-75th percentiles of predictions.
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Figure 1.1 – Population-level vaccination effectiveness of HPV16 vaccination with a multi-site
and uni-site models: comparison by prevalence of extragenital HPV16.Vaccination program is
girls-only with 40% coverage and vaccine is assumed to have 100% efficacy and lifelong duration for
the two sites of infection. Vaccination effectiveness = relative reduction in genital HPV16 prevalence
at the post-vaccination equilibrium compared to no vaccination.
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Sensitivity analyses

The qualitative differences between the uni-site and multi-site model predictions are not affected by

vaccination coverage as long as coverage is below the elimination threshold (see Figure A.6 in Sup-

plementary materials). For example, under the assumption of local immunity after genital infection

(scenario 1), differences between the uni-site and multi-site models start diminishing as coverage ex-

ceeds 50% (when the upper range of the multi-site model’s predictions reach the elimination threshold)

and disappear if coverage exceeds 75% (elimination of HPV16 with both the uni-site and multi-site

models).

1.5.2 Understanding the effect of the key factors of transmission responsible for
difference in predictions of HPV16 vaccination effectiveness between multi-site
and uni-site models.

Effect of inter-site transmission on the elimination threshold with the simple homogeneous
multi-site model

Figure 1.2 shows that the elimination threshold decreases with increasing extragenital→ genital trans-

mission (Factor 1) and/or decreasing genital → extragenital transmission (Factor 2). It can also be

extrapolated from Figure 1.2 that the minimum elimination threshold decreases as the proportion of

susceptibles to extragenital infection increases (Factor 3). This result is stated in full and demonstrated

in section A.2.3 of the Supplementary materials. Briefly, the minimum value of the elimination thresh-

old for the multi-site model (3% in Figure 1.2) is equal to 1-proportion of susceptibles to extragenital

infections. Thus, if the proportion of susceptibles to extragenital infections increases, 1-proportion of

susceptibles to extragenital infections decreases and so does the minimum elimination threshold. The

maximum value of the elimination threshold (38% in Figure 1.2) is equal to 1-proportion of suscep-

tibles to genital infections. Hence, the maximal value of the elimination threshold for the multi-site

model corresponds to the elimination threshold of a uni-site model of the genital site, and the minimal

value to the elimination threshold of a uni-site model of the extragenital site. In particular, if the pro-

portions of susceptibles to genital and extragenital infections are the same, the elimination threshold

of the multi-site model will be the same as the elimination threshold of the uni-site model.

In the Supplementary materials, we show analytically the results presented above and that they are

not dependent on specific parameter values or assumptions of natural immunity.
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Figure 1.2 – Effect of transmission parameters on the elimination threshold (qc) of the multi-site
model. The model was calibrated to a genital prevalence of 7% and an extragenital prevalence of 3%.
The x-axis represents probability that a male with an extragenital infection infects the genital site of
his partner during a partnership, and the y-axis represents the probability that a male with a genital
infection infects the extragenital site of his partner during a partnership. qc = elimination threshold,
minimum vaccination coverage needed to achieve elimination assuming a vaccine with 100% efficacy
and lifelong duration. Elimination threshold for the uni-site model is given by the black line on the
scale for the elimination threshold.

Effect of inter-site transmission and proportion of susceptibles to extragenital infection on
predictions of HPV16 vaccination effectiveness.

Figure 1.3 shows HPV16 vaccination effectiveness predictions of the heterogeneous multi-site model

as a function of the three key factors, measured at pre-vaccination equilibrium: 1) the proportion of

genital infections that were caused by an extragenital infection, 2) the proportion of extragenital in-

fections that were caused by a genital infection, and 3) the proportion of susceptibles to extragenital

infections. The relationships are all monotonic with predicted vaccination effectiveness increasing

when the proportion of susceptibles to extragenital infections increases, when the proportion of gen-

ital infections caused by extragenital infections increases, and when the proportion of extragenital

infections caused by genital infections decreases. These results were the same when including au-

toinoculation or not.
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Figure 1.3 – Effect of inter-site transmission and proportion of susceptibles to extragenital in-
fection on average predicted effectiveness with the multi-site model. A) Vaccination effectiveness
as function of the proportion of susceptibles to extragenital infections and of the proportion of gen-
ital infections caused by extragenital infections (with autoinoculation), B) (without autoinoculation),
C) Vaccination effectiveness as function of the proportion of genital infections caused by extragenital
infections and of the proportions of extragenital infections caused by genital infections (with autoinoc-
ulation), D) (without autoinoculation).
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IMPORTANTLY: In C) and D) we show the results for simulations where the proportion of sus-
ceptibles to extragenital infections is higher than 90% (below this value there was no variability in
vaccination effectiveness). Vaccination effectiveness = relative reduction in genital HPV16 preva-
lence at the post-vaccination equilibrium compared to no vaccination. Proportion of genital infections
caused by extragenital infections = (Incidence of genital infections caused by extragenital infections)
/ (Total incidence of genital infections). Incidence = (contact rate) x (probability of transmission) x
(prevalence of infected) x (prevalence of susceptibles to genital infections). OF NOTE: The median
prediction of vaccination effectiveness from the uni-site model is given by the black line on the vac-
cination effectiveness scales. The relation between variables was smoothed through local polynomial
regression.

1.6 Discussion

In this paper, we examined whether the predictions of traditional uni-site models that were used to

inform decisions about vaccination are biased because they do not take into account transmission be-

tween different sites. Our results suggest that the difference between the predictions of the uni-site and

multi-site models are a function of natural immunity assumptions and prevalence at the extragenital

site. Under the assumption of local immunity (scenario 1 and 2), vaccination effectiveness predictions

with the multi-site model are either equal or greater than with the uni-site model. This difference

increases when assuming that a greater proportion of HPV16 genital infections was produced by ex-

tragenital infections. Under the assumption that natural immunity confers systemic protection against

infection at all sites (scenario 3 and 4), the multi-site model predictions of vaccination effectiveness

were either the same or lower than the uni-site model predictions.

The effects of natural immunity assumptions are essentially due to differences in the proportions of

susceptibles to genital infections and to extragenital infections (Factor 3). The proportion of suscepti-

bles to extragenital infection is the highest under scenario 1 of local immunity after genital infection,

because there is no natural immunity to extragenital infections. Predicted effectiveness is consequently

highest under scenario 1. The proportion of susceptibles to extragenital infection is lower in scenario

3 (systemic immunity after genital infection) than scenario 2 (local immunity after genital and extra-

genital infections) and is the lowest in scenario 4 (systemic immunity after genital and extragenital

infections). In scenario 3, the proportion of susceptibles to extragenital infection is roughly the same

as the proportion of susceptibles to genital infection, which explains why the multi-site and uni-site

models predict similar effectiveness. Under scenario 4, the proportion of susceptibles to genital infec-

tion is exceptionally lower than for the uni-site model: natural immunity post-extragenital infection

hinders the transmission to genital sites.

Current evidence from the literature seems to lend more support to the assumption of systemic im-

munity following clearance of genital infection (scenario 3)27;29;210. To our knowledge, there is no

direct evidence and no literature about the possibility of local immunity against HPV infections (sce-

nario 1 & 2). Yet, both the acquired humoral and cell-mediated immune system could theoretically
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have site-specific differences, which could result in greater natural immunity at the site of a previous

infection. For example, Tissue-Resident Memory T-cells could be responsible for differential local

immunity211. On the other hand, vaccination should induce systemic HPV immunity, which is sup-

ported by recent studies164. Whether systemic immunity also extends to naturally acquired antibodies

remains unknown. If this was the case, systemic immunity would be more likely following cervi-

cal HPV infection than infection at any other sites, because the rate of seroconversion is the highest

following cervical infection and is very low for other sites of infection27;29. Thus, the higher rate

of seroconversion in women should result in greater protection of women against extragenital HPV

infections, and this has been proposed as an explanation for the gender-difference in oral HPV preva-

lence47. However, a protective effect of antibodies on acquisition of extragenital infections has not yet

been demonstrated210;212;213. Furthermore, prevalence of anal HPV is not lower in women compared

to men, but this could be due to a strong correlation in the timing of anal and genital HPV acquisition

in women (hence women may acquire anal HPV before acquiring natural immunity).

Our study is the first to calibrate a multi-site model to HPV prevalence to assess differences in pre-

dicted effectiveness with traditional uni-site models. To our knowledge, two multi-site models have

been published190;214;215, and none of which has examined the impact of vaccination. In particular,

Brouwer et al.190 have shown that a substantial bias can occur by calibrating a model without au-

toinoculation if the true model generating the data has autoinoculation. Our results show that models

with autoinoculation predict lower effectiveness than models without autoinoculation in some specific

contexts (e.g., when the proportion of individuals susceptible to genital infections is similar to the

proportion of those susceptible to extragenital infections). However, the effect of autoinoculation was

much lower than in the theoretical example presented in Bouwer et al. This may be because Bouwer

et al., did not include natural immunity in their models and did not calibrate their model to endemic

prevalence of HPV. Hui et al.215 have shown that pharyngeal and anal infections by gonorrhea can ex-

plain the substained transmission to the urethral site in a Men-who-have-Sex-with-Men population in

which transmission occurs through oral↔ genital, oral↔ anal, and anal↔ genital contacts. They are

able to show that transmission of gonorrhea can be disrupted by preventing only oral↔ genital trans-

mission. Unlike the work of Hui et al.215, we cannot determine from the calibration we performed

whether a specific HPV transmission pathway (e.g., genital → oral autoinoculation) is essential or

important for sustained transmission of HPV infections. This would require further knowledge on

the relevant modes of HPV transmissions which could include non-penetrative acts such as kissing or

sexual touching.

This study has three main limitations. First, for simplicity, we calibrated our models using prob-

abilities of HPV transmission, while other parameters remained fixed at values extracted from the

literature. We examined different assumptions (and values) of natural immunity. Varying the prob-

ability of natural immunity affects the proportion of susceptibles to infection at the different sites.

We observed that increasing the probability of natural immunity to extragenital infections from 0%
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(scenario 1) to 45% (scenario 2) decreased the proportion of susceptibles to extragenital infections

and thus decreased predicted effectiveness with the multi-site model. Varying clearance rates also

affects the proportion of susceptibles: for a given prevalence of infection, increasing clearance rates

increases the proportion of immune individuals and decreases the proportion of susceptibles. Second,

we assumed near-symmetrical transmission parameters between women and men. We show in the

Supplementary materials that there may be additional dynamics to consider when the prevalences are

highly asymmetrical between women and men, but the bounds on the elimination threshold we ob-

served in Figure 1.2 would not change. Finally, we did not include specific sexual acts (e.g., oral sex)

in our model, which implies that there is no within-individual correlation in sexual practices.

HPV may be able to infect other sites than the anal, genital and oral canals. For instance, nails are

known to harbor HPV DNA and subungual cancers have been attributed to HPV16216.The inclusion

of these other sites of infection in HPV models could affect predictions of vaccination effectiveness

against genital infection only if infections at these sites can be transmitted to the genital site (even

indirectly) or if they contribute to natural immunity to genital infections. Some of the results pre-

sented here can be generalized to any number of sites. Thus, if the simple multi-site HPV model was

to include three or more sites of infection (e.g., genital, oral and anal), predicted effectiveness would

be in-between effectiveness predicted with two uni-site models of the two sites with the highest and

lowest proportions of susceptibles. However, for the heterogeneous multi-site model of objective 1,

the minimum predicted effectiveness with the multi-site model can theoretically be lower than the

effectiveness predicted with a uni-site model fitted to genital HPV (the site with the lowest proportion

of susceptibles) as shown in Figure 1.1B. This phenomenon can be amplified with additional sites (see

Supplementary materials A.2.4).

1.7 Conclusions

In conclusion, for the assessment of vaccination effectiveness against genital infections and diseases,

multi-site transmission of HPV is important to model if: 1) a significant proportion of genital infec-

tions originates from an extragenital site, or 2) extragenital infection contributes significantly to the

natural immunity against genital infection. Currently, there is no strong evidence that extragenital

infections are a reservoir for genital infections in heterosexual transmission of HPV or that natural

immunity following extragenital infections would protect against future genital infections. Hence,

the possibility of a strong bias from using a uni-site model to assess vaccination effectiveness against

genital HPV16 in women is unlikely given our current understanding of the natural history of HPV

infection.
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Chapter 2

Impact of changes in sexual behavior on
past and future trends of HPV infections
and related cancers.

2.1 Résumé

L’objectif de cette étude est de comprendre l’impact des changements de comportements sexuels sur

les tendances passées des cancers de l’oropharynx (CO) et du col de l’utérus (CU) reliés au virus du

papillome humain (VPH), et de prédire l’incidence future de ces cancers. Nous avons développé un

modèle mathématique individus-centré simulant la transmission du VPH16, la progression du VPH16

vers le cancer (CO et CU) et les comportements sexuels des américains nés entre 1850 et 1999. Puis,

nous avons simulé l’incidence des CO et CU reliés au VPH16 entre 1862 et 2045. En absence de

dépistage du CU, notre modèle prédit une augmentation de 120% dans l’incidence du CU entre 1975

et 2015. De plus, notre modèle prédit une augmentation de 310% dans l’incidence de CO entre 1985

et 2015, ainsi qu’une augmentation de 50% entre 2015 et 2045. Cette augmentation future du CO

toucherait des cohortes d’hommes non-vaccinés.

2.2 Abstract

Introduction: Changes in sexual behavior are hypothesized to be the main cause of the substantial

rise in oropharyngeal cancers in the past two decades in developed countries. Linear extrapolation

of current trends have shown that incidence of HPV-positive oropharyngeal cancer could exceed the

number of cervical cancers by 2020. However, these projections are not informed by the possible

causes of past increases, such as changes in sexual behavior over time. The aim of this study is to

understand the potential impact of changes in sexual behavior on past trends of HPV transmission and

to predict future trends of HPV-related cancers.

42



Methods: We developed an individual-based model of HPV16-transmission using sexual behavior

data from three US national surveys and one survey from France. The model reproduces the history

of sexual intercourse and oral sex of birth cohorts from 1850 to 1999. We performed simulations of

HPV16 transmission, and progression to oropharyngeal and cervical cancers from 1862 to 2045, tak-

ing into account changes in sexual behaviour. Model parameters were calibrated to HPV16 prevalence

and US incidence of HPV16-related oropharyngeal and cervical cancers. We considered scenarios

with/without oral sex. We estimated past relative increase in HPV16-positive cervical cancer (2015 vs

1975), in HPV16-positive oropharyngeal cancer (2015 vs 1985), and predicted future changes (2045

vs 2015) in oropharyngeal cancer among white men. We compared model predictions to observed

trends (Surveillance, Epidemiology, and End Results(SEER) data and HPV-typing from Chaturvedi

2011).

Results: In our simulations, cervical cancer is predicted to have increased between 1975 and 2015

by 120%-280%. HPV-related oropharyngeal cancer is predicted to have increased between 1985 and

2015 by 60%-80% in scenarios without oral sex, compared with an increase of 390% (95% CI 330%-

550%) observed in the US population. When changes in the practice of oral sex were modelled, we

could reproduce greater increase in HPV16-associated oropharyngeal cancer (310%-1500%). Under

the best fitting scenario, the incidence of HPV-related oropharyngeal cancer is predicted to increase

by about 50% between 2015 and 2045.

Conclusion: Our results have two main implications: 1) vaccination is unlikely to affect predicted

increases in oropharyngeal cancer since most birth cohorts affected by these trends are unvaccinated,

and 2) we could currently be measuring HPV vaccination effectiveness within an underlying context

of increasing HPV-related cancers due to changes in sexual behavior.

2.3 Introduction

The human papillomavirus (HPV) is a sexually transmitted infection and a necessary cause of cervical

cancer, as well as a cause involved in the majority of anal (≈90%) and oropharyngeal (≈60%) can-

cers7. In the past three decades, there has been a substantial increase in HPV-related oropharyngeal

cancers in most high-income countries (HIC)140. This increase in oropharyngeal cancer has affected

predominantly white males, in whom the incidence has increased more than 2-fold in the same pe-

riod16. The rise in oropharyngeal cancers has been driven by HPV-positive cancers despite a decline

in HPV-negative cancers which are typically caused by smoking and alcohol consumption. These

trends have been hypothesized to be the result of increases in sexual transmission of HPV infection

due to sexual behavior changes following the 1960s12;217. In the US and other HIC, sexual behavior

has changed dramatically over the past century. The National Health and Nutrition Examination Sur-

vey (NHANES) from the US shows that the median lifetime number of sexual partners has increased

from 2.6 in women born in 1940-1949 to 5.3 for those born in 1970-1979 (6.7 to 8.8 for men)10. For
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the same birth cohorts, age at sexual initiation has decreased by 2 years for women and 1 year for

men. Increases in oral and anal sex have also been observed after the "sexual revolution" in the 1960s:

among women from France aged 35-39 years old, the proportion who reported ever receiving cun-

nilingus increased from 55% in 1970 to 93% in 200611;12. However, in the last two decades, there are

evidences of sexual behavior having stabilized, and the number of partners may even have decreased

among those born after 198017;18. An increase in sexually transmitted HPV infection in cohorts born

between 1940 and 1980 would be expected to also have produced an increase in the incidence of cer-

vical cancer (as HPV is the necessary cause). However, the expected increase in cervical cancer may

have been mitigated by the progressive increase in screening participation, which was introduced in

the 1950s in HIC218.

Understanding the relation between changes in sexual behavior and trends in HPV-related cancers

would permit better forecasting of future cancer incidence, and better predict the impact of interven-

tions (e.g., screening, vaccination). For example, currently, forecasts for HPV-related oropharyngeal

cancer incidence are being made using crude linear extrapolation of current trends16;219. These fore-

casts are predicting that the number of HPV-related oropharyngeal cancers will surpass the number of

cervical cancers by 2020. Including such projections in economic analysis of HPV vaccination of girls

and boys can have an important impact on the potential burden that can be prevented by vaccination

and thus the cost-effectiveness of vaccination. Importantly, more than 80% of oropharyngeal cancers

occur after 50 years old, while the peak of HPV incidence occurs between ages 20-24 years. Hence,

the predicted rise in oropharyngeal cancer in the next two decades will affect unvaccinated cohorts,

and the sexual behavior relevant to these cancers has mostly already occurred. There is thus an oppor-

tunity to predict future incidence of oropharyngeal cancer based on the evolution of sexual behavior.

However, the current linear forecast of oropharyngeal cancer incidence is likely an overestimation of

the true future trends because they reflect changes in sexual behavior that occurred in cohorts born

in the 1960s, but they do not account for the recent stabilization of sexual behavior in US and other

HIC16. Similarly, the assessment of the impact of interventions can be biased if changes in sexual

behavior are unaccounted for. For example, the reduction of cervical cancer incidence from cervical

cancer screening would be underestimated without accounting for the increase in sexual activity in

younger birth cohorts218. Taking in account these changes in sexual behavior may provide insight on

the true impact of screening over the past 50 years.

Transmission-dynamic models are ideal to examine the relationship between changes in sexual be-

havior and HPV-related cancer incidence. These models integrate key aspects of sexual behavior

and natural history of infection to simulate complex transmission dynamics. They can account for

non-linear effects of sexual behavior on HPV transmission which would not be possible with non-

mechanistic statistical models. Transmission-dynamic models have already been used extensively to

simulate HPV transmission (as well as other sexually transmitted infections) and helped inform deci-

sions about the prevention of HPV-related diseases170;181;220–222.
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The objectives of our study were to develop a dynamic model of HPV transmission and related can-

cers in the US, integrating changes in sexual behavior over the past century in order to 1) understand

the potential impact of changes in sexual behavior on trends of HPV transmission and HPV-related

oropharyngeal and cervical cancers, and 2) predict future trends of HPV-related oropharyngeal cancers

based on the evolution of sexual behavior.

2.4 Methods

2.4.1 Model overview

We developed an individual-based model of HPV transmission. The model simulates white hetero-

sexual men and women living in the US and born between 1850 and 1999. The population was

restricted to white men and women because the rise in HPV-related cancers associated with changes

in sexual behavior is observed mostly within this population. We modelled exclusively HPV genotype

16 (HPV16) which is responsible for around 55% of cervical cancer223, and 85% of HPV-positive

oropharyngeal cancers3. The model has four components reproducing: US demography, sexual be-

havior, HPV16 transmission, and development of HPV16-related cancers. See the Technical appendix

for an in-depth description of the model and methods.

Demography

Each year between 1862 and 1999, new individuals enter the simulated population on their 12th an-

niversary according to a pre-determined number of births per year and gender, on historical US census

data224.

Sexual behavior

We determined the sexual activity of each individual between the ages of 12 and 44 years. This pe-

riod corresponds to the peak of sexual activity225 and of acquisition of HPV infections41 from which

HPV-related cancers may develop years or decades later. To represent sexual behavior, three phases

were performed: 1) sexual history of each individual in the model is determined, 2) sexual partner-

ships are formed by matching partners, and 3) whether oral sex is practiced in during the partnership

is determined.

• Phase 1. Determining sexual history profiles. Sexual behavior is determined by the dates of

occurrence of every cohabitation and non-cohabitation partnership, the length of cohabitation

partnerships, and the age of every sexual partner. The parameters used include the mean and

variance of the lifetime number of partnerships, the rate of sexual activity initiation, the rates of

cohabitation initiation and separation, the probability of a non-cohabitation partnership occur-
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ring in a given month, the mean and variance of the age of a sexual partner. These parameters

are age- and year of birth- specific and were obtained by fitting statistical age-cohort models to

data from three different surveys: the National Survey of Family Growth (NSFG), the National

Health and Social Life Surveys (NHSLS), and the General Social Survey (GSS). The total pop-

ulation of these surveys counted more than 80 000 men and women born between 1900 and

1999. Using the fitted distributions of the parameters, we determined successively: 1) the age

at first sex, 2) the dates of start and end of every cohabitation involving a sexual partner, 3) the

lifetime number of sexual partners, 4) the dates of every sexual partner not involving cohabi-

tation (instantaneous partnerships), and 5) the age of every sexual partner. Importantly, every

step depended on the previous steps, so that for example the age of sexual partners depends on

the lifetime number of sexual partners. Figure 2.1 illustrates the step-wise process performed to

build the sexual history profile of a simulated individual.

• Phase 2. Matching of sexual partnerships. Once the sexual activity profiles are completed for

each individual in the model over time, we determined the identity of each partner by matching

the sexual partnerships of men and women on the basis of the date, length of partnerships, and

ages of partners.

When matching the partnerships of men and women, there is a discrepancy in the reported num-

ber of sexual partners inherited from the sexual behavior surveys data in which men generally

report many more partners than women: men report 14.14 partners in their lifetime compared

with 7.12 for women in the UK116;117;119. To correct this discrepancy, we considered three sce-

narios: 1) High-risk group: a very small high-risk group (e.g., sex workers) of women with high

number of partners (>50) is added to the population to compensate for the excess partnerships

among men, 2) Report bias men & women: the number of partnerships among men is lowered

and the number of partnerships in women is increased, and 3) Report bias men only: the number

of partnerships among men is lowered. These scenarios were based on plausible explanations

for the discrepancy: under-sampling and under-reporting (e.g., right-censoring of the number

of partners) of women with high number of partners (e.g., sex workers)119, men overestimating

their number of partners (e.g., rounding up when estimating)116, and women underestimating

their number of partners (e.g., pressure of social norms)117.

• Phase 3. Determining the practice of oral sex. We reproduced the practice of oral sex in men

only by using data from NSFG 2011-2015 and three surveys from France12. Every man in the

model had a probability of performing oral sex with a sexual partner that depends on the year

of birth and the type of sexual partnership (cohabitation or not). We fitted these probabilities to

reproduce 1) the proportion of men who have ever performed oral sex on a sexual partner, 2)

the proportion of women who have ever had oral sex performed on them by year of birth. In all

scenarios, we assumed that men did not perform oral sex with members of the high-risk group

of women.

HPV16 transmission
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HPV16 transmission is modelled using two probabilities: 1) the probability of acquiring a genital

infection within a partnership with someone infected at the genital site, 2) the probability of acquir-

ing an oral infection within a partnership with someone infected at the genital site and on whom oral

sex is practiced. Infection acquisition is determined upon partnership formation (i.e., instantaneous

partnerships). Once acquired, infection may clear over time. Upon clearance, either the individual

develops lifelong natural immunity or becomes susceptible again.

We considered two different scenarios regarding transmission: 1) uni-site, 2) multi-site with oral

sex. The goal was to assess whether the inclusion of the practice of oral sex and oral infections were

necessary to explain trends in oropharyngeal cancer. Furthermore, these scenarios reflect structural

uncertainty regarding how HPV is transmitted. In the uni-site scenario, HPV16 is modelled as a uni-

site infection (genital infection only) in men and women. In the multi-site with oral sex scenario, oral

infection is included as a separate infection from the genital infection. In this scenario, oral HPV16

infection can only be acquired through oral sex with a partner infected at the genital site. In all scenar-

ios, we fitted the probabilities of transmission per partnership to genital and oral HPV16 prevalence

targets based on the literature41;47 (see Table 2.1). Calibration was performed by the bisection al-

gorithm, testing values between 0 and 1 for the probabilities of transmission. Table 1 describes the

different scenarios, the parameters, and the calibration targets.

HPV16-related cancers

Infected individuals can progress toward either oropharyngeal or cervical cancer (oropharyngeal can-

cer is only modelled in men). The progression to cancer is a function of two parameters that are

gender- and site-specific: 1) the proportion of newly acquired infection that progress toward cancer,

2) the dwell time from infection to cancer for infections that will progress to cancer. Dwell time was

assumed to be normally distributed. The parameters of progression to cancer were calibrated to re-

produce the observed age-specific incidence of HPV16-positive cervical and oropharyngeal cancers

in the US by minimizing the mean squared error. The values of the fitted parameters for cancers and

HPV transmission can be found in Appendix C section 10. The data were taken from Surveillance,

Epidemiology, and End Results (SEER) database. For cervical cancer, we used the incidence from

the earliest years of the SEER database (1973-1975) to minimize the impact of cancer screening on

incidence. For oropharyngeal cancer, we used the incidence between the years 1984 and 1985, which

corresponds to the beginning of the increase in incidence as well as the earliest period of available data

on HPV16 positivity. After extracting the overall incidences of cervical and oropharyngeal cancer for

these years, we applied the proportion of cancer who are HPV16-positive squamous cell carcinomas

to the overall incidence. For cervical cancer that proportion was 55% based on a meta-analysis of

Clifford et al.223. For oropharyngeal cancer, that proportion was 40% between 1984-1985 based on

the study of Chaturvedi et al.16. In the rest of the manuscript and when there is no possible ambigu-
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ity with adenocarcinomas, we refer to squamous cell carcinoma of the cervix and the oropharynx as

cervical and oropharyngeal cancer.

2.4.2 Model predictions

We ran 20 simulations of HPV transmission for each combination of the three sexual behavior scenar-

ios (High-risk group, Report bias men & women, Report bias men only) and of the two transmission

scenarios (Uni-site, multi-site with oral sex). Predictions are the median incidence of HPV16-related

oropharyngeal and cervical cancers over time between 1915 and 2015.

To assess the potential increase in cervical cancer that would have occurred if there had been no

screening introduced in the 1950s, we estimated the relative increase in cervical cancer incidence be-

tween 1975 and 2015. We compared these results with two historical trends observed in the SEER

data: 1) the relative decrease since 1975 in incidence of HPV16-positive squamous cell carcinoma of

the cervix, and 2) the relative increase since 1975 in adenocarcinomas of the cervix. The sensitivity

of pap tests to detect pre-cancerous adenocarcinomas is much less than for squamous cell carcino-

mas226;227. Thus, trends in adenocarcinomas can serve as a pseudo-counterfactual of the incidence of

cervical cancer in the absence of screening. Comparing the increase in cervical cancer in our simu-

lations with the historical increase in adenocarcinomas is used as a way to assess the face validity of

our results from each scenario.

Similarly, for oropharyngeal cancer, we assessed which of the sexual behaviour and HPV transmis-

sion scenarios could reproduce the historical trends in HPV16-positive oropharyngeal cancer between

1985 and 2015 estimated from the SEER data. In particular, we were interested in determining if

including the practice of oral sex (scenario multi-site with oral sex) produced more realistic trends in

oropharyngeal cancer incidence. HPV16-positivity in cervical and oropharyngeal cancers trends were

estimated from the same studies16;223.

We also predicted incidence of HPV16-positive oropharyngeal cancer up to 2045 among white men

aged more than 50 years old. This age stratification was done to make sure we only estimated inci-

dence among men that were included in the model population (i.e., born before 1999).
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First sex 

First sex  Cohabitation Initiation Separation 
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Figure 2.1 – Illustrative example of how a sexual history profile is determined. The woman in this example
has 5 lifetime sexual partners: 4 non-cohabiting partners and 1 cohabitation partner. The sexual history profile
characteristics were estimated in the following order: Step 1) the age at first sex, Step 2) the dates of start and
end of every cohabitation involving a sexual partner (possibly more than one), Step 3) the lifetime number of
sexual partners, Step 4) the dates of every sexual partner not involving cohabitation (instantaneous partnerships;
shown in red), and Step 5) the age of every sexual partner.
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Table 2.1 – Model scenarios and calibration

Scenario uni-site Scenario multi-site with oral sex

Calibration target: Genital Genital
HPV16 prevalence 9% among 20- to 30-years old in 9% among 20- to 30-years old in

201541 201541

Oral
2% among 20- to 30-years old men in
201547

Varying parameters Probabilities of transmission per Probabilities of transmission per
partnership: partnership:
• Genital→ Genital • Genital→ Genital,

• Genital→ Oral for partnerships
involving oral sex

Fixed parameters Average duration of genital Same values as in scenario uni-site for
infection: genital infections.
• 1.5 years206 Average duration of oral infection:

• 1.5 years (based on cervical HPV206)

Probability of developing natural immunity Probability of developing natural immunity
following clearance of genital infection207: following clearance of oral infection:
• 35% (women) • 0%
• 10% (men)
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2.5 Results

Table 2.2 shows the characteristics related to sexual behavior and its evolution across birth cohorts

of the model population. From 1900 to 1985, the median lifetime number of sexual partners and the

median age at initiation of first cohabitation went up, and the median age at first sexual intercourse

went down for both men and women. These changes in sexual behavior simulated in the model

population reproduced the changes in the US population as observed in the data from NSFG, NHSLS,

and GSS (see Technical appendix C for figures of model fit to the US population data).
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Table 2.2 – Changes in sexual behavior by birth cohorts as reproduced in the model population.

Women
Birth year

1900-20 1921-40 1941-60 1961-70 1971-85
Med Med Med Med Med

(25th − 75th) (25th − 75th) (25th − 75th) (25th − 75th) (25th − 75th)
Lifetime number of sexual partners*
for the 3 scenarios:
High-risk group 1 (1-1) 1 (1-2) 2 (1-4) 4 (1-7) 5 (2-9)
Report bias men & women 1 (1-2) 1.5 (1-2) 3 (1-6) 5 (2-9) 5 (2-11)
Report bias men 1 (1-1) 1 (1-2) 2 (1-4) 4 (1-7) 5 (2-9)
Age at first sexual intercourse (years) 19.2 (17.7-21.3) 18.9 (17.5-20.9) 18.5 (17.1-20.5) 17.8 (16.2-19.5) 17.2 (15.6-19.2)
Age at initiation of first cohabitation (years) 20.1 (18.3-22.8) 20.0 (18.4-22.8) 20.7 (18.7-23.6) 21.8 (19.2-24.9) 21.8 (19.3-25.0)

Men
Birth year

1900-20 1921-40 1941-60 1961-70 1971-85
Med Med Med Med Med

(25th − 75th) (25th − 75th) (25th − 75th) (25th − 75th) (25th − 75th)
Lifetime number of sexual partners*
for the 3 scenarios:
High-risk group 1 (1-3) 2 (1-6) 5 (2-10) 5 (3-11) 6 (3-13)
Report bias men & women 1 (1-3) 2 (1-5) 4 (2-10) 5 (3-11) 6 (3-13)
Report bias men 1 (1-2) 2 (1-5) 4 (2-10) 5 (2-9) 5 (3-11)
Age at first sexual intercourse (years) 20.5 (17.0-22.9) 19.2 (16.8-21.8) 17.9 (16.0-20.4) 17.4 (15.6-19.8) 17.0 (15.3-19.4)
Age at initiation of first cohabitation (years) 22.8 (20.7-27.1) 22.6 (20.6-27.0) 23.0 (20.7-27.0) 24.5 (21.3-30.0) 24.2 (21.2-29.0)

*

Lifetime number at 30 years old, Med= median; 25th − 75th= 25th and 75th percentile.
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Cervical cancer

Figure 2.2 shows the observed and predicted incidence of HPV16-related cervical cancer over time.

In the US population, incidence of cervical cancer has declined by 53% (95% CI 50%-55%) between

1975 and 2015. However, our model predicts that, without screening or vaccination, the incidence

of cervical cancer would have increased by 120% to 280% during the same period depending on the

model assumptions. The predicted increase was the lowest for the scenario Report bias men & women

(increase of 120%) while the two other scenarios had similar predictions.

Figure 2.2 – Incidence of HPV16-positive squamous cell carcinoma of the cervix by year of diag-
nostic: model predictions vs observed data from SEER. For each scenario and each 10-year period,
the median incidence of the 20 model simulations is retained.

Figure 2.3 shows the predicted incidence of cervical cancer compared with the observed incidence of

adenocarcinomas of the cervix over time. In the US population, the incidence of adenocarcinoma of

the cervix increased by 80% (95% CI 60%-100%) from 1975 to 2015. This increase is lower than

the increase in incidence predicted in scenarios High-risk group and Report bias men only (250% and

280% respectively), but comparable, albeit slightly less, to the increase observed in scenario Report

bias men & women (120%).

Oropharyngeal cancer

Figure 2.4 shows the predicted and observed incidence of HPV16-related oropharyngeal cancer over

time. In the US population, according to our estimation of HPV16-positivity, incidence of HPV16-

related oropharyngeal cancer has increased by 390% (95% CI 330%-550%) between 1985 and 2015.

Our model predictions varied greatly depending on whether or not the practice of oral sex was in-

cluded. In scenario uni-site without the practice of oral sex, our model predicts relatively small in-
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Figure 2.3 – Incidence of adenocarcinomas of the cervix by year of diagnostic: model predictions
of incidence of HPV16-positive squamous cell carcinoma of the cervix vs observed adenocarci-
noma incidence from SEER incidence data. For each scenario and each 10-year period, the median
incidence of the 20 model simulations is retained.

crease in incidence of oropharyngeal cancer between 60% and 80% depending on the other model

assumptions (see Figure 2.4A). In scenario multi-site with oral sex, our model predicts steep increase

in incidence between 310% and 1500% (see Figure 2.4B). As with cervical cancer, the predicted in-

crease is the lowest when assuming under-reporting in women and over-reporting in men (Report bias

men & women).

Projections from 2015 to 2045

Figure 2.5 shows the projection of HPV16-positive oropharyngeal cancer under the best-fitting sce-

nario: Report bias men & women with multi-site with oral sex. Incidence of oropharyngeal cancer is

predicted to increase by 50% from 2015 to 2045.
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Figure 2.4 – Incidence of HPV16-positive oropharyngeal cancer in men by year of diagnostic:
model predictions from vs observed incidence data from SEER. Model simulations are from
scenarios A) uni-site, B) multi-site with oral sex. For each scenario and each 10-year period, the
median incidence of the 20 model simulations is retained.
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Figure 2.5 – Incidence of HPV16 positive oropharyngeal cancer in men aged more than 50 years
old by year of diagnostic: model predictions from scenario multi-site with oral sex - report bias
men & women. For each scenario and each 10-year period, the median incidence of the 20 model
simulations is retained.
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2.6 Discussion

We reproduced, in a HPV transmission-dynamic model, the changes in sexual activity over the 20th

century as observed in three national surveys of the US population: NSFG, NHSLS, and the GSS.

We observed a progressive increase in the lifetime number of sexual intercourse partners reported by

men and women over the last century, with trends in men stabilizing before trends in women. The

relative increase in partners was larger in women compared to men: the number of partners in women

doubled in the span of 20 years, while the number of partners only increased by 20%-50% in men.

Our simulations suggest that the increase in lifetime number of sexual intercourse partners would have

resulted in at least a doubling of the incidence of cervical cancer over the past 40 years, in the absence

of cervical screening. However, these changes in the practice of sexual intercourse alone produced a

small increase in oropharyngeal cancer incidence among men, unlike the substantial increase observed

in US data. Changes in the practice of oral sex were necessary to reproduce US data of oropharyngeal

cancer incidence in the model population. Finally, our simulations predict that, if oral sex is the main

mode of oral HPV transmission, incidence of oropharyngeal cancer could increase until 2045.

Our study supports an increase in HPV transmission for cohorts born after the 1940s. There is lit-

tle direct evidence of this increase since HPV was isolated only in 1983. Yet, studies conducted in

Finland and Sweden have shown an increase in HPV16 seroprevalence in pregnant women between

1980 and 2000228;229. Chaturvedi et al.16, have also shown a major increase in HPV-positivity of

oropharyngeal cancer specimens during the same period. As for indirect evidence, in a previous

Age-Period-Cohort analysis by Vaccarella et al.,218 an increase in risk of cervical cancer across birth

cohorts was estimated but masked by the effect of screening. This cohort effect represented an inci-

dence rate ratio of cervical cancer of around 1.4 between 1940 and 1980. In our study, we obtained

a larger incidence rate ratio (2.2-3.8) due to cohort effects (i.e., increase in sexual activity). The dif-

ference between our estimates and the one from Vaccarella et al. may be due to factors we did not

consider in our simulations (e.g., condom usage, contraceptive use, smoking).

As our results show, the potential reporting biases in sexual behavior surveys can have important

consequences on predicted trends of HPV-related cancers. According to our results, the scenario Re-

port bias men & women is the most realistic of the three scenarios. Indeed, we obtained a lower

incidence of cervical and oropharyngeal cancers and a better fit to the US data under this scenario.

When correcting for the under-reporting in women, the lifetime number of sexual partners of women

increases closer to the lifetime number of sexual partners of men. Hence, the relative increase in life-

time number of sexual partners of women decreases, which also results in a lesser increase in genital

HPV transmission throughout the 20th century. Since oral HPV infection in men is acquired through

genital HPV infection in women, correcting under-reporting in women also attenuates the predicted

trends in oral HPV infection.

Our results are compatible with an important role of oral sex in the transmission of oral HPV infections
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and in the trends of HPV-related oropharyngeal cancer. In this study, changes in sexual intercourse

alone could not explain the trends in oropharyngeal cancer. However, the practice of oral sex has in-

creased over the 20th century independently of the number of sexual partners. Indeed, the proportion

of women that ever received cunnilingus almost doubled in last three decades based on empirical data

from France (see C.11), and this increase cannot only be explained by the increase in lifetime number

of partners. Furthermore, in the model population, oral sex is not performed with women from the

high-risk group, and the proportion of partnerships with women from the high-risk group has declined

over time (because the discrepancy in number of partners between men and women has declined over

time). Hence, part of the increase in the practice of oral sex is mediated by the decrease in the propor-

tion of partnerships that are formed with the high-risk group. Some empirical evidences support this:

in Gagnon and Simon 198711, young men born in the 1940s reported twice as much experience with

cunnilingus and less experience with fellatio compared with young men born in the beginning of the

century. The authors note that these observations "suggest a reduction in excess experience of fellatio

by males from commercial contacts". Hence, in the early 20th century, males had experience of fel-

latio (and probably sexual intercourse) with sex workers, but may have not performed cunnilingus as

often on them. These data on the practice of oral sex, along with the data from France and the NSFG,

still leave a significant amount of uncertainty regarding how the practice of oral sex has changed over

time in the US population.

There are two main implications to our results. Firstly, we could currently be measuring HPV vac-

cination effectiveness within an underlying context of increasing HPV-related cervical cancer due to

changes in sexual behavior. In such situation, the expected decrease in cervical cancer due to vacci-

nation could be mitigated by the background trend. Hence, without accounting for changes in sexual

behavior, the true impact of vaccination could be underestimated in surveillance study or in mathemat-

ical model analyses. Secondly, vaccination is unlikely to affect predicted increases in oropharyngeal

cancer in the next three decades since most birth cohorts affected by these trends are unvaccinated.

Thus, the predicted increase in oropharyngeal cancer could represent a transient but significant pop-

ulation health issue even in countries with gender-neutral vaccination, and could increase the cost-

effectiveness of vaccinating boys in countries with only female vaccination.

Our methodology has advantages over the traditional Age-Period-Cohort approach used to understand

trends in HPV-related cancers218;219. These types of models require the use of statistical assumptions

that cannot readily be justified or translated in meaningful terms. Predictions with these models are

also based on the period- and cohort- effects which simply reflect the past trends, instead of being

based on the evolution of the causal variables. On the other hand, mathematical modelling relies on

data and assumptions that relate to the causal variables of the system: namely the parameters of nat-

ural history of infection or of sexual behavior. This allowed us to produce predictions based on the

evolution of sexual behavior. Another strength of our approach is to have used data on cohabitation

history to reproduce the sexual activity of older birth cohorts. In fact, it poses a challenge to cor-
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rectly extrapolate the timing of sexual partnerships for older birth cohorts because these partnerships

occurred decades before national surveys on sexual behavior were available. However, we were able

to do so by using the relation between cohabitation history and timing of sexual partners, which was

investigated in NHSLS.

The main limit of this study is the validity of the data on sexual behavior. Sexual behavior surveys

are highly sensitive to reporting bias, and such bias may vary according to cultural norms. Hence,

the reporting bias may impact the trends over time in sexual activity in men and women. We expect

that under-reporting in women to be more frequent in older birth cohorts compared to younger birth

cohorts. We have assessed the potential impact of this bias by assuming under-reporting in women

and over-reporting in men in three different scenarios. Another limit is that some parameters of sexual

activity and their evolution throughout the 20th century were unknown: the timing of non-cohabiting

sexual partnerships, the proportion of partnerships on whom oral sex was performed, the occurrence of

sexual partners with whom only oral sex was performed, the sexual mixing between men and women

with respect to level of sexual activity. Hence, we had to make assumptions to fill in the missing

information. For instance, we omitted partnerships on whom only oral sex was performed and we

assumed random mixing between levels of sexual activity.

2.7 Conclusion

Our results suggest that cervical screening prevented a sharp increase in cervical cancer in the past

decades. Furthermore, the increase in oral sex could be the main factor behind the increasing trends

in HPV-related oropharyngeal cancer. If so, the incidence of oropharyngeal cancer could continue

to increase among unvaccinated males in the next three decades. Assessment of HPV vaccination

effectiveness should account for the evolving burden of HPV-related cancers due to changes in sexual

behavior in order to avoid an underestimation bias.
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Chapter 3

Assortatitive mixing as a source of bias in
epidemiological studies of sexually
transmitted infections: the case of
smoking and human papillomavirus.

3.1 Résumé

Dans l’évaluation de l’effet causal de facteurs de risque d’infections transmissibles sexuellement et

par le sang, de la confondance persistant après ajustement pour les caractéristiques individuelles peut

se produire sous deux conditions : (C1) assortativité sexuelle relatif au facteur de risque examiné

et (C2) l’activité sexuelle est associée au facteur de risque. Notre objectif est d’illustrer l’impact

potentiel de ce biais d’assortativité en prenant comme exemple l’association tabac - VPH. Nous avons

développé un modèle de transmission dynamique de VPH à partir duquel nous avons simulé une étude

transversale évaluant l’association tabac - VPH. Pour le scénario de base, on a supposé (1) aucun effet

du tabac sur le VPH, et (2) les conditions C1-C2. Le biais d’assortativité a causé une surestimation du

rapport de cotes (RC) même après l’ajustement complet pour les caractéristiques individuelles (RC

ajusté de 1,51 au lieu de 1,00). L’ajustement pour les caractéristiques des partenaires est nécessaire

pour mitiger le biais d’assortativité.

3.2 Abstract

Introduction: For studies examining risk factors of sexually transmitted infections (STIs), confound-

ing can stem from characteristics of partners of study subjects, and persist after adjustment for the sub-

jects’ individual-level characteristics. Two conditions that can result in confounding by the subjects’

partners are: C1) partner choice is assortative by the risk factor examined, and C2) sexual activity is

associated with the risk factor. The objective of this paper is to illustrate the potential impact of the
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assortativity bias in studies examining STI risk factors, using smoking and Human papillomavirus

(HPV) as an example.

Methods: We developed an HPV transmission-dynamic mathematical model in which we nested

a cross-sectional study assessing the smoking-HPV association. In our base-case, we assumed 1) no

effect of smoking on HPV, and 2) conditions C1-2 hold for smoking (based on empirical data).

Results: The assortativity bias caused an overestimation of the odds ratio (OR) in the simulated

study after perfect adjustment for the subjects’ individual-level characteristics (adjusted OR=1.51 in-

stead of 1.00). The bias was amplified by a lower basic reproductive number (R0), greater mixing

assortativity and stronger association of smoking with sexual activity.

Conclusion: Conditions C1 and C2 can cause bias in studies assessing the causal effect of risk fac-

tors on acquisition or duration of STIs, as in the case of the effect of smoking on HPV prevalence.

Adjustment for characteristics of partners is needed to mitigate the assortativity bias.

3.3 Introduction

Contact networks of individuals affect their exposure to infectious contacts so are a crucial determi-

nant of infection risk230. Thus, an individual’s risk of infection not only depends on individual-level

risk factors, such as gender, but on network-level risk factors. A classic example of this particularity

of infectious diseases is herd protection: vaccinating a portion of the population reduces the chance

of non-vaccinated individuals being exposed to the infectious agent231. Hence, an individual’s risk

of infection following the introduction of vaccination depends on his/her vaccine status (individual-

level risk factor), and the overall population-level vaccination coverage (network-level risk factor).

In observational studies that examine risk factors of sexually transmitted infections (STIs), control

of confounding most often follows the traditional non-transmissible disease approach of controlling

for individual-level risk factors (such as the subject’s sexual activity), with little attention to control

for network-level risk factors such as sexual activity of individuals in the subject’s network. In doing

so, authors usually acknowledge the possibility of misclassification of sexual activity (e.g., number of

partners), due to misreporting by study subjects, which can cause residual confounding if sexual activ-

ity is associated with the risk factors232;233. What is less acknowledged in these studies is that, even if

the sexual activity of the study subjects was perfectly measured and controlled for, the sexual activity

of individuals in the subject’s network can also confound the biological effect of a risk factor on ac-

quisition of infection. We term one particular form of such confounding "assortativity bias", because

it stems from assortativity in sexual mixing (partner choice). That is, on average, people have part-

ners with similar characteristics (e.g., age) and behavior (e.g., smoking status) as themselves19;234–236.

In STI studies, assortativity bias can occur if two conditions are met: (C1) partner choice is assorta-
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tive according to the risk factor of interest, and (C2) the association between this factor and infection

is confounded by sexual activity. When these conditions are met, the risk factor of interest can be

associated with the likelihood of having an infected partner, and confounding is likely to remain even

after perfectly controlling the effect measure for individual-level confounders.

To illustrate the assortativity bias, we consider a simplified example where the effect of smoking

on the risk of a STI is examined. Thus, smoking is the exposure variable and the occurrence of a STI

is the outcome. In this example, assortativity bias can occur because the two conditions above are

met: sexual mixing is assortative according to smoking status(C1)235;236, and smokers have higher

average level of sexual activity (C2)237;238.

Figure 3.1 illustrates the essential components of assortativity bias, assuming, for simplicity, that

smoking is the only factor for which partner selection is assortative and that smoking itself has no bi-

ological effect on STI acquisition/transmission or duration. In Figure 3.1, the study subject’s smoking

status is positively associated with the smoking status of his partner (assortative mixing by smoking

status (C1)). A subject who smokes will be at greater risk of infection not only because of his own

sexual activity, but also because his/her partner is likely to be a smoker and thus more likely to be

more sexually active and infected. The smoking-STI relation is confounded by sexual activity of the

subjects (Figure 3.1 right panel, dotted arrows) and subjects’ partners (Figure 3.1 left panel, dotted

arrows). Therefore, even if sexual activity of the subjects is controlled for (individual-level), residual

confounding bias remains possible due to sexual activity of partners (network-level). Of note, having

a partner that smokes not only induces greater risk through the partner’s greater chance of being highly

sexually active, but also through the partner’s own previous partners who were also more likely to be

smokers. Hence, the assortativity bias ultimately reflects differences in sexual network of smokers

compared to non-smokers, and not only differences in sexual activity of subjects’ current partners.

Even if we assume a biological effect of smoking on STI, the assortativity bias would still occur re-

sulting in an overestimation of this effect. Given that conditions 1-2 are met for many common risk

factors of STIs, including age, race and socio-economic status (SES), and the assortativity bias affects

measures of STI acquisition (e.g., incidence rate and prevalence ratios), the bias is likely present in

many prospective and cross-sectional epidemiological STI studies.
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Figure 3.1 – Illustrated example of the assortativity bias in the association between smoking and
a sexually transmitted infection. Directed arrows represent causal link and double-headed arrows
represent statistical link (the distribution of one variable changes conditional on the other variable).
For simplicity, we assume that smoking status is the only factor determining partner selection and that
smoking does not affect risk and duration of infection.

Mathematical modeling has been used to understand potential biases in epidemiological studies of

STIs. With modeling, an artificial world is created where transmission and natural history of disease

can be simulated based on model inputs which are either assumed or fitted to empirically observed

data. Epidemiological studies can be nested within the model to examine potential biases under dif-

ferent assumptions regarding behavior, transmission, and natural history239–242.

In this paper, we examine the assortativity bias focusing on the smoking-STI association. Smok-

ing is a suspected risk factor for STIs through increased transmission and/or duration of infection243.

As smoking is a modifiable behavior, there is a high interest in understanding its role on STI inci-

dence/prevalence. Smoking has been independently associated with the prevalence of STIs such as

human immunodeficiency virus (HIV), herpes simplex virus 2 (HSV-2), genital and oral infections by

human papillomavirus (HPV) in many studies47;233;237;244;245, and these associations have been shown

to follow monotone dose-response relationships237. However, the possibility of assortativity bias was

not addressed in these studies.

The specific objectives of this paper are to use mathematical modeling: 1) to illustrate and describe

the assortativity bias, using as an example the association between smoking and HPV infection, and

2) to examine the sensitivity of the assortativity bias to biological and behavioral parameters, for

generalization of results.
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3.4 Material and methods

3.4.1 Mathematical model

We developed a deterministic transmission dynamic model of HPV infection (see Supplementary ma-

terial for a list of the model’s equations). The model population is heterosexual, open and stable. For

the base-case scenario, we modeled HPV16 infection, which is the most prevalent and oncogenic type.

The simulated population is stratified for the two behavioral aspects from which the assortativity bias

stems: 1) smoking status (smoker/non-smoker), and 2) sexual activity (low/high). For simplicity, we

did not stratify the model by age. On average, individuals spend 30 years in the model population,

representing the years of higher sexual active life (15-44 years of age). Sexual mixing depends on

an individual’s smoking status and sexual activity. For each of these behavioral factors, we allowed

mixing to vary from random to completely assortative (smokers only form partnerships with smokers).

We included assortativity according to sexual activity as it is a key feature of sexual networks246;247.

Based on empirical evidence, we assume that the two conditions for the assortativity bias are met:

C1) sexual mixing is assortative for smoking235;236, and C2) smokers are more sexually active than

non-smokers237;238.

Importantly, in our base-case, we assumed that smoking has no biological effect (smoking does not

increase HPV transmission probabilities or duration), to test whether observed associations between

smoking and HPV infection can be explained by the assortativity bias.

3.4.2 Parameterization

Model parameter values and references are presented in the Appendices (see Table D.1 in Supplemen-

tary material). We used biological parameter values estimated in prior modeling work178;186;248, and

estimated the proportion of smokers in each sexual activity class from an epidemiological study249.

Although studies suggest that sexual mixing by level of sexual activity and smoking status is as-

sortative235;236;250;251, no empirical estimates of assortativity are available in the literature. In our

base-case, we assumed assortativity parameters values for smoking status and for sexual activity to

be 0.8 and 0.4, respectively (0.0=random, 1.0=complete assortativity), using equations presented in

the Appendices (see Supplementary material). We performed extensive sensitivity analysis on mixing

parameters given their uncertainty.

3.4.3 Experimental design & outcome measure

To examine the association between smoking and HPV, we nested a prevalence study in the simulated

population. Study subjects are a cross-section of the simulated population. HPV prevalence was es-

timated at endemic equilibrium without HPV vaccination with perfect sensitivity and specificity. We

used odds ratios (ORs) of HPV infection (positivity) among smokers compared to non-smokers as

the measure of association. The overall adjusted ORs were calculated as the weighted average of the
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stratum-specific ORs of the two sexual activity classes using, as weights, the proportion of the popula-

tion in each sexual activity class (see Supplementary material for the equations used to compute ORs).

In the simulated study, adjusted or stratum-specific ORs different from 1.00 can only be due to assortativity bias,

because there is no biologic effect of smoking in our model, sexual activity of subjects is perfectly

adjusted for. The magnitude of the assortativity bias is the magnitude of the deviation of the adjusted

and stratum-specific ORs from 1.00. Hence, the simulation reproduces the conduct of a perfect study

with no other biases, be it misclassification or confounding, other than the assortativity bias. Because

the simulated population is at equilibrium and the duration of infection is assumed to be unaffected

by smoking, the incidence rate ratios from nested longitudinal studies in our model have the same

numerical value to the ORs from cross-sectional studies: a result given by the formula Prevalence/(1-

Prevalence)=Incidence x Duration.

3.4.4 Sensitivity analyses

We varied the key biological/behavioral parameters, one at a time, keeping the value of all other

parameters fixed at their base-case values. We used the stratum-specific ORs to isolate the bias in

each sexual activity class. Finally, we estimated the potential impact of the assortativity bias on

adjusted OR assuming different magnitudes of a true biological effect of smoking on infection.

3.5 Results

3.5.1 Base-case

Table 3.1 shows the base-case model predictions of the ORs of HPV infection among smokers com-

pared with non-smokers. We estimated crude and adjusted ORs of 1.64 and 1.51, respectively (Ta-

ble 3.1). Given that, in our model, smoking has no causal effect on HPV and we can perfectly control

for sexual activity of subjects (no residual confounding), assortativity bias is the only possible cause

of adjusted OR>1.00.

The magnitude of assortativity bias is generally lower for those with greater sexual activity (Table 3.1,

Figures 3.2 and 3.3). This is because highly sexually active subjects will likely have highly sexually

active partners (assortativity by sexual activity), irrespective of smoking status.

3.5.2 Impact of behavioral factors

Association between sexual activity and smoking. The ORs of HPV infection (assortativity bias) in-

crease as the strength of the association between smoking and sexual activity among study subjects

increases (Figure 3.2A). This is because a stronger association causes greater confounding by sexual

activity (increased impact of Condition 2, Figure 3.1).

Assortativity by smoking status. Greater assortativity according to smoking status results in a steep
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Table 3.1 – Odds ratios of HPV infection between smokers and non-smokers among modeled
study subjects

Odds ratio
Crude 1.64

Stratified
Low sexual activity class 1.52
High sexual activity class 1.07

Adjusted 1.51

increase in the ORs of HPV infection comparing smokers with non-smokers (Figure 3.2B). When

smoking assortativity is stronger, the unbalance in sexual activity between smokers and non-smokers

will be replicated between smokers’ partners and non-smokers’ partners to a greater extent (increased

impact of Condition 1, Figure 3.1).

Assortativity by sexual activity. The ORs of HPV infection decrease with greater assortativity be-

tween individuals of the same sexual activity class (Figure 2C). As assortativity by sexual activity

increases, the sexual activity of the study subject becomes a better proxy of his/her partners’ sexual

activity. When mixing by sexual activity is completely assortative, subjects will have partners belong-

ing to their own sexual activity class, irrespective of smoking status. Therefore, there will be no bias

after adjustment for sexual activity.

3.5.3 Impact of biological factors

Transmission probability & duration of infectiousness. The model shows that the magnitude of the

assortativity bias is highly sensitive to the transmission probability or duration of infection (Fig-

ure 3.3A- 3.3B). The ORs of HPV infection among smokers compared with non-smokers, stratified

by sexual activity of study subjects, decrease steeply with increased transmission probability or dura-

tion of infectiousness. In general, if the reproductive number is low (i.e. low transmission probability,

short duration or low partner acquisition rate), the difference in sexual activity between smokers and

non-smokers can lead to large differences in HPV prevalence between the two groups.

Natural immunity. The probability of developing natural immunity has little impact on the magni-

tude of the assortativity bias (Figure 3.3C). Lower natural immunity has the same relative impact on

HPV prevalence among both smokers and non-smokers.
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Figure 3.2 – Impact of behavioral parameters on the assortativity bias. Univariate sensitivity anal-
ysis of the odds ratios of prevalence between smokers and non-smokers with one parameter varying:
A) Proportion of smokers that are highly sexually active, B) Assortativity by smoking status, and C)
Assortativity by sexual activity. For panel A), the proportion of non-smokers that are highly sexually
active is fixed at its base case value. Hence, increasing the parameter in A) increases the strength of
the association between smoking and sexual activity.
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Figure 3.3 – Impact of biological parameters on the assortativity bias. Univariate sensitivity anal-
ysis of the odds ratios of infection between smokers and non-smokers varying: A) Probability of
transmission per partnership, B) Duration of infection, and C) Probability of developing natural im-
munity after clearance of infection.

70



3.5.4 Assortativity bias assuming a true biological effect of smoking

Figure 3.4 shows the OR when varying the effect of smoking on the duration of infection with and

without assortativity by smoking status. The assortativity bias produces an overestimation of the OR

when smokers have a longer duration of infection than non-smokers. This overestimation rises steeply

as the biological effect of smoking increases. The OR is also overestimated when smoking affects the

transmission probability, or the probability of developing natural immunity (results not shown).

Figure 3.4 – Impact of a biological effect of smoking on the duration of infection. Univariate
sensitivity analysis of the odds ratio (OR) of prevalence between smokers and non-smokers varying:
Ratio of smokers’ versus non-smokers’ duration of infection. Two scenarios are shown both with
base-case parameters except for the assortativity by smoking status: the blue curve is a scenario
with assortativity parameter of 0.8 as in the base case and the dashed curve is a scenario without
assortativity (parameter of 0). Hence, the difference in height between the two curves measures the
magnitude of the overestimation due to the assortativity bias.

3.6 Discussion

In this paper we present the assortativity bias, a frequently unrecognized confounding bias specific to

studies examining risk factors of infectious diseases. To illustrate this bias, we considered the exam-

ple of smoking as a possible biological cause of HPV infection. Using mathematical modeling, we

showed that adjustment for the subjects’ individual-level sexual activity is insufficient to attribute the

association between smoking and HPV to a biological effect when mixing is assortative by smoking

status (C1) and smoking status is associated with sexual activity (C2). There is empirical evidence
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that these two conditions hold for smoking235–238, and many other risk factors of STIs such as age,

race/ethnicity and SES. Hence, the assortativity bias is likely present in many epidemiological studies

examining risk factors of STIs.

Our modeling analysis suggests that the assortativity bias could produce ORs of the magnitude seen in

empirical studies on HPV if assortativity by smoking status is high. In a recent large-scale study, the

adjusted ORs of HPV infection in smokers compared to non-smokers was 1.4 (95%CI: 1.2, 1.7)237,

and most other studies have found ORs higher than 1.039;94;245;252. The association between smoking

and HPV infection is supported by traditional criteria of causality such as dose-response. However, the

assortativity bias can produce a dose-response relationship if (C1) mixing is assortative by smoking

intensity and (C2) there is a dose-response relationship between sexual activity and smoking intensity.

Significant associations between infection and smoking have also been observed in empirical-based

studies for many other STIs47;233;244. We also showed that the size of the assortativity bias should be

more important for STIs such as HIV, which have low R0.

Our results should not be interpreted as evidence that smoking is not a cause of HPV infection.

Smoking may have a direct biological influence on HPV risk by negatively affecting mucosal immu-

nity and/or by consuming micronutrients that mediate resistance to or clearance of HPV infection253.

When we assume, in our model, that smoking is a biological cause of HPV infection, the assortativity

bias greatly increases the adjusted ORs beyond the true biological effect. In addition, it is important

to note that the magnitude of the assortativity bias may vary substantially between studies due to dif-

ferences in the behavior of participants (differences in the magnitude of C1-2).

The assortativity bias could affect many risk factors other than smoking, such as age and race. For ex-

ample, young adults are generally the most at risk of STIs, even after adjustment for sexual activity of

subjects41;250. It is suggested that this is due to a biological cause (e.g., cervical ectopy makes young

women vulnerable to STIs)254. Yet, sexual mixing is highly assortative with respect to age247;254

(C1), and younger adults are more sexually active105;254 (C2), and hence an age-STI association can

be partly due to the assortativity bias. For other risk factors, complete assortativity between individu-

als with the risk factor can hold automatically and cause assortativity bias in prevalence studies. For

example, in a cross-sectional study examining HPV as a risk factor of another STI, a subject infected

with HPV will have a previous/current partner also infected with HPV. However, subjects’ partners

infected with HPV will have greater sexual activity on average and thus higher risk of other STIs.

Hence, HPV can be identified in prevalence studies as a risk factor of other STIs, due to the assorta-

tivity bias.

The main strength of this study was the use of mathematical modeling to perfectly control a fic-

tive population, allowing us to explore the theoretical basis for the bias and the relation between the

bias and behavioral and biological parameters. However, the main limitation of our model is that
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many sources of heterogeneity (sexual activity, smoking intensity) were not included and we assumed

independence between mixing by sexual activity and by smoking status. Greater heterogeneity in sex-

ual activity would require specifying in Condition 2 that the association between sexual activity and

smoking is monotonic, which seems to be the case249. Furthermore, we did not include in the model

other factors that could cause assortativity by smoking status. For example, SES is a risk factor for

smoking255;256, and sexual mixing is assortative by SES256, which indirectly produces assortativity

with respect to smoking. In this case, the bias would be partly corrected by adjustment for the SES

of study subjects. These model simplifications do not affect the robustness of our overall qualitative

conclusions. However, one should not use the precise model OR estimates as representative of reality.

To correct for the assortativity bias in studies examining risk factors of STIs, one must control for

systematic differences in exposure to infection that can occur between individuals with and without a

given risk factor (e.g., smoking). To control for differences in exposure to infection, studies have re-

stricted their population to individuals known to have been exposed to infection. For instance, studies

examining risk factors of HIV transmission have used populations of serodiscordant couples257;258,

where the uninfected partner is known to be exposed. However, such studies are rarely performed for

other STIs, as they are costly and methodologically challenging (difficult to adequately condition on

exposure to infection).Randomized trials on the other hand would suffer from the assortativity bias

if the treatment is a cause of assortativity and if subjects can acquire sexual partnership after the ran-

domization. If sexual partnerships are stable from the randomization until the end of follow-up, there

remains the difficulty of interpreting the measure of effect because of the absence of conditioning on

exposure to infection. Furthermore, not all causal factors can be investigated in randomized trials

(e.g., smoking, age) and only one factor can be examined per trial. Hence, most studies examining

STI risk factors are based on cross-sectional or prospective data, where infection status and risk fac-

tors are assessed without specific data on exposure to infection. For such studies, the characteristics

of the study subjects’ sexual partners should be used to reduce the assortativity bias. Taking the ex-

ample of smoking, the smoking status of new sexual partners of study subjects should be assessed

in prospective studies to control for the higher chance of smokers having partners who are smokers.

In addition, information on past partners would also be needed, with a recall window depending on

duration of infection. Given that many risk factors are investigated at once in empirical studies, it is

also necessary to have simultaneous adjustments for the key risk factors being investigated (e.g., age,

race/ethnicity, SES) at the subject- and partner-level.

3.7 Conclusions

In conclusion, assortative sexual mixing by smoking status can cause bias in studies assessing the bio-

logical effect of smoking on HPV acquisition. For a thorough adjustment of measures of association,

data on risk factors of sexual partners of study subjects is required to mitigate the impact of the bias.

73



Conclusion

3.8 Modelling multi-site HPV transmission and its impact on HPV
vaccination effectiveness

3.8.1 Summary of results

The transmission-dynamic models of HPV infection used in analyses of population-level effectiveness

and cost-effectiveness of HPV vaccination have included a single site of infection169. Hence, our first

objective was to assess the impact of modelling HPV infection as a multi-site infection, with both a

genital and an extragenital site, on model predictions of the population-level effectiveness of HPV vac-

cination against genital HPV infection (i.e., cervical HPV infection in women). We thus developed

a uni-site and a multi-site HPV transmission model. When HPV is modelled as a multi-site infec-

tion, the natural history of infection becomes more complex and required more parameters to model.

We needed to consider natural immunity that is site-specific (local immunity) and natural immunity

that protects against infections at all sites (systemic immunity). Compared with the uni-site model,

additional parameters were also needed to account for HPV transmission between different sites of

infection (genital→extragenital, genital→genital, extragenital→extragenital, extragenital→genital).

Using both the uni-site and multi-site models, we predicted the relative reduction in genital (cervico-

vaginal) HPV16 prevalence post-vaccination among women. Because of the additional complexity in

natural history of infection, the predictions made with the multi-site model were more uncertain than

predictions made with the uni-site model. Assuming site-specific natural immunity, we found that the

predicted reduction in HPV16 prevalence made with the multi-site model were always higher or equal

to predictions made with the uni-site model. Assuming systemic natural immunity, predictions made

with the multi-site model were always lower or equal to predictions made with the uni-site model.

These findings were further explained as stemming from three factors that result in higher predicted

HPV vaccination effectiveness with the multi-site model: 1) higher proportion of genital infections

caused by an extragenital infection (extragenital→genital transmission), 2) lower proportion of extra-

genital infections caused by a genital infection, and 3) higher proportion of susceptibles to extragenital

infection.
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Hence, we determined that the predicted reduction in genital HPV16 post-vaccination among women

made with a uni-site model would be biased only if: A) natural immunity is site-specific and a sub-

stantial proportion of genital infections are caused by an extragenital infection, B) natural immunity

is systemic and clearance of extragenital infection can result in acquisition of natural immunity.

We thus concluded that the current uni-site models used to assess the population-level effectiveness

of HPV vaccination on genital diseases in women should be adequate. Indeed, the conditions un-

der which the uni-site model would be biased are unlikely in light of the current understanding of

HPV epidemiology. Although the current knowledge of HPV transmission and immunity is lim-

ited, the hypothesis most compatible with current data would be that natural immunity after cer-

vical infection is systemic (i.e., serum antibodies), and that systemic natural immunity after extra-

genital infections is much less frequent. Indeed, seroconversion occurs much more frequently af-

ter clearance of cervical infections than after clearance of extragenital infections27;29. Furthermore,

studies on HPV inter-site transmission conducted among couples have shown type-specific concor-

dance of HPV infections between the oral and genital sites201;259, but even greater concordance be-

tween the genital sites201. The oral-genital concordance in these cross-sectional studies could be due

genital→extragenital transmission or extragenital→genital transmission. Hence, it is difficult to as-

sess the potential of extragenital→genital transmission from the available evidence, but it appears as

though the site mainly responsible for transmission of HPV to the cervico-vaginal site is the penis.

3.8.2 Strengths and limits

This study provides a conceptual understanding of the differences in the dynamics of transmission

using a multi-site model compared to using a uni-site model. To do this, we considered three factors:

1) the proportion of individuals susceptibles to infection at each site of infection, 2) the magnitude of

extragenital→genital transmission, and 3) the magnitude of genital→extragenital transmission. We

were able to base our understanding of the impact of these factors on a theoretical analysis using sim-

ple homogeneous multi-site and uni-site models. Moreover, we illustrated the impact of these factors

by calibrating the first multi-site model to HPV prevalence at the genital site. We have thus shown

that these three factors explain the uncertainty in the predictions of the multi-site model.

There were two main limitations of the methodology presented in Chapter 1. Firstly, we did not

use empirical data to inform directly the four probabilities of transmission in the multi-site model.

Such data would include the probability of performing oral sex in a partnership, as well as the proba-

bility of oral HPV acquisition when performing oral sex on an individual infected at the genital site.

Consequently, the uncertainty in the four probabilities of transmission was high, which translated into

uncertainty in the predictions made with the multi-site model. However, we were still able to explain

this uncertainty with three factors and thus evaluate the potential for bias in the uni-site model pre-

dictions. Secondly, we considered only two levels of sexual activity, we did not include stratification

for age, and we only calibrated the transmission probabilities while keeping other parameters fixed.
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Estimates of HPV vaccination population-level effectiveness are known to be sensitive to the proba-

bility of acquiring natural immunity upon clearance, and to the stratification of the model population

in levels of sexual activity169. Therefore, our estimates of vaccination effectiveness may not be as

accurate as those obtained with more heterogeneous models calibrated to extensive empirical data.

However, we found that the relative reduction in HPV16 prevalence post-vaccination predicted by our

uni-site model is comparable with the reduction predicted by other transmission-dynamic models of

HPV infection169.

3.8.3 Research in context and Future work

To our knowledge, two other published analyses have been done with a multi-site model190;215. How-

ever, this is the first analysis on the impact of multi-site transmission on predictions of HPV vacci-

nation effectiveness. This has clear implications for predictions of the impact of HPV vaccination,

which were estimated using only uni-site models169. Even though the current evidence does not sup-

port a significant bias in these predictions, we identified two important aspects of HPV natural history

that need to be better understood before definitely excluding the possibility of significant bias: 1) the

extent to which extragenital HPV infections can act as a reservoir for genital infections, 2) the exis-

tence and importance of local (cell-mediated) immunity as opposed to systemic (antibodies-mediated)

immunity in the protection to subsequent HPV infections.

Recent sexual behavior surveys (e.g., NHANES and NSFG) have provided data on the practice of

oral and anal sex. However, epidemiological data on the probability of HPV transmission through

sexual acts such as oral sex, anal sex, vaginal sex or autoinoculation is currently lacking. Hence,

we cannot expect to have well-informed transmission parameters in a multi-site model. The roles

of autoinoculation, oral and anal sex, and sexual intercourse in the transmission between different

sites need to be elucidated through longitudinal studies of HPV transmission. Until now, studies on

HPV transmission have provided correlations between infections at different sites that are difficult

to interpret meaningfully88;90. Multi-site transmission-dynamic modelling could be used to assist in

the design as well as in the analysis of these studies in order to maximize the interpretability of the

results. For example, a multi-site model can be used to simulate HPV transmission within the study

population to determine the transmission parameters most compatible with the study results.

The need for better modelling of HPV as a site-specific infection will depend on the progression

of vaccination coverage throughout the world. In countries with high vaccination coverage approach-

ing the elimination threshold of genital HPV infection, the absolute bias from using a uni-site model

would be small in any cases. In our study, a significant bias in the uni-site model predictions was

observed up to a vaccination coverage of about 60%. In fact, at high vaccination coverage, the relative

importance of herd immunity (indirect protection) in the population-level effectiveness of vaccina-

tion drops. Yet, the difference in predictions of effectiveness made with a uni-site model compared

with a multi-site model stems entirely from the predicted herd immunity. The bias could still poten-
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tially be significant in countries with lower coverage (<60%). Furthermore, if we aim to set optimal

vaccination coverage targets in a post-elimination future, computing precise estimates of vaccination

effectiveness for various coverages is critical. The bias from using a uni-site model could also matter

in the decision of vaccinating boys, which depends, among other considerations, on the extent of herd

effect from vaccinating girls on the burden of HPV-related diseases of the oral and anal sites.

Multi-site models may also have future applications in simulating the transmission of other site-

specific STIs, such as HSV, gonorrhea, and chlamydia. In fact, it may not be possible to reproduce

the transmission-dynamics and explain the spread of these STIs without including multi-site trans-

mission. For instance, Hui et al.215 have used a multi-site model to show that pharyngeal infections

by gonorrhea have an important role in sustaining the transmission to the urethral site in a Men-who-

have-Sex-with-Men. Hence, multi-site model may be needed to assess the impact of interventions on

these site-specific STIs if herd immunity matters.

3.9 Impact of changes in sexual behavior on past and future trends of
HPV infections and related cancers

3.9.1 Summary of results

The incidence of oropharyngeal cancer has increased more than 2-fold in US white men since the

early 1980s16, while the incidence of cervical cancer has decreased by around 50% since the 1970s

in the US218. Our second objective was to assess the impact of changes in sexual behavior during the

20th century, including the so-called sexual revolution of the 1960s, on these trends of oropharyngeal

and cervical cancers. We first documented the changes in sexual behavior observed in the NSFG,

GSS and NHSLS data. We observed that the lifetime number of sexual partners has increased in both

men and women. This increase is associated with a decrease in age at first sex and a lengthening of

the pre-marital/pre-cohabitation period. We reproduced these changes in a dynamic model of HPV16

transmission and subsequent development of HPV16-related oropharyngeal and cervical cancers. We

were thus able to produce simulations of the incidence of HPV16-related oropharyngeal and cervical

cancers over the span of 130 years: from 1915 to 2045.

Our model predicted that, in the absence of cervical cancer screening, changes in lifetime number

of sexual intercourse partners among women would have produced a 2-fold or more increase in cer-

vical cancer between 1975 and 2015. Among men, our model predicted that the increase in the

practice of oral sex has produced a 3-fold increase or more in HPV16-related oropharyngeal cancer.

The predicted 3-fold increase in oropharyngeal cancer is comparable with the observed US trends in

oropharyngeal cancer among white men. Our results also suggest that the increase in lifetime number

of sexual intercourse partners among men is insufficient to explain the increase in oropharyngeal can-

cer. Finally, our model predicted that oropharyngeal cancer incidence could continue to increase up

to 2045, which would affect unvaccinated cohorts born before 1990.
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3.9.2 Strengths and limits

Our study is the first to use a transmission-dynamic model to assess the impact of trends in sexual

behavior on incidence of HPV-related cancer. Previous analyses have used Age-Period-Cohort (APC)

statistical modelling to understand trends in HPV infections and related cancers217;218. These types

of models are based on statistical assumptions, such as the specification of a form for the relation

between the sexual activity of a population and HPV-related outcomes217. However, such relation

does not have a simple form or even a closed form, and these statistical assumptions cannot be easily

related to the causal mechanisms. On the other hand, a mathematical model of transmission forces

the relation between sexual activity and HPV-related outcomes to be based on causal mechanisms

(i.e., transmission occurring during sexual partnerships from one infected to one susceptible), and the

assumptions of the model can be related to these mechanisms (e.g., assumption of random sexual mix-

ing). This extra structure prevents some of the misspecification that could occur with non-mechanistic

statistical modelling.

Another strength of our approach is to have used data on cohabitation history to reproduce the sex-

ual activity of older birth cohorts. Using data on the lifetime number of sexual partners alone is not

enough, since such data do not provide information on the timing of sexual partnerships. However,

since sexual life history and cohabitation history are strongly inter-related, we were able to use data

on cohabitation history to estimate the timing of the sexual partnerships.

The important limits of this study concern the reproduction of sexual activity of the US population

in the 20th century. First, there is no longitudinal national survey on sexual activity, which means

that sexual activity needed to be reconstructed through series of cross-sectional surveys from 1982

to 2015. Doing this required assumptions. Mainly, we had to assume that changes in sexual activity

across birth cohorts could be completely captured by changes in cohabitation history (i.e., dates and

lengths of cohabitations), in lifetime number of sexual partners, and in age at first sex. In other words,

the sexual life history profiles of two women born at different dates, but with the same lifetime num-

ber of partners, the same cohabitation history and the same age at first sex is on average the same in

the model population. If this hypothesis is wrong, there could be inaccuracies in the timing of sexual

partners across the lifespan. However, the lifetime number of partners, the age at initiation, and the

cohabitations would still be accurately reproduced. It seems unlikely that only a change of timing of

sexual partners could explain our observations, such as the great discrepancy between our simulations

of oropharyngeal cancer in scenario uni-site without oral sex and the empirical data (60%-80% in-

crease vs 390%).

Second, the chance of reporting bias in the sexual behavior surveys is high. Under-reporting of sexual

partners in women and over-reporting in men has been documented113;117and could affect differen-

tially younger and older birth cohorts. We accounted for this potential bias by considering three

different scenarios of under- and over-reporting in surveys. We have thus confirmed that a reporting
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bias in men and women was the scenario providing the best fit for both oropharyngeal and cervical

cancers. Third, because the historical data on the practice of oral sex are sparse, we cannot be certain

that we reproduce with accuracy the practice of oral sex in the last century. In fact, we used a birth

cohort effect to model the changes in the practice of oral sex, but we cannot exclude that a period

effect could have also worked.

Finally, because of the age-limit of 44 years old in the model, we do not reproduce changes in sexual

behavior that could have occurred in older age groups. This is important in light of the second and

dominant peak in oral HPV prevalence observed between 50 and 60 years of age in NHANES47. If

this second peak of oral HPV prevalence is due to acquisition of new infections at older age, then

our simulations could be missing infections relevant for cancer. However, this hypothesis does not fit

with the sexual behavior reported by aged men in surveys with no age limit (e.g., GSS). An alternative

explanation for the second peak is that infection can go latent and reactivate when the immune system

weaken at older ages.

3.9.3 Research in context and Future work

The rise in oropharyngeal cancer incidence has sparked interest in the practice of oral sex. Yet, it has

been difficult to directly attribute oral HPV infection to oral sex, in part because of the correlation be-

tween the practice of oral sex and of sexual intercourse47. Some rare studies have managed to adjust

for the number of vaginal sex partners50;51 and show an association between the number of oral sex

partners and oral HPV infection. Other studies have circumvented the problem of adjusting using dif-

ferent methods. For instance, one study showed that "barrier use during oral sex" among individuals

practicing oral sex is associated with decreased oral HPV prevalence86. Another study made a com-

parison between ethnicities and birth cohorts with different sexual behaviors260. For instance, black

Americans have higher lifetime number of vaginal sex partners than whites, but also have a lower

number of partners on whom cunnilingus was performed. Furthermore, black Americans have lower

oral HPV16 prevalence than whites, which suggests an excess risk of oral HPV from cunnilingus in

white men260. In our work, we also add to this growing body of evidence through a different method:

we show that sexual intercourse alone cannot explain changes in incidence of oropharyngeal cancer

in white men, and that accounting for the practice of oral sex can produce the sharp increase observed

in empirical data.

Our study is the first to account for changes in sexual behavior and provide evidence that without

cervical cancer screening, there would have been a sharp increase in cervical cancer. The impact of

screening on the incidence of cervical cancer was assessed at least in three other analyses218;261;262.

The latest analysis261 did not account for changes in sexual behavior, and so the estimated number

of prevented cases due to screening is likely underestimated. In one other analysis in which an APC

model was used218, a birth cohort effect on cervical cancer incidence was masked by the period effect

produced by the increase in screening coverage. The authors hypothesized that the birth cohort effect
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could be due in part to changes in sexual behavior.

HPV transmission-dynamic models incorporating changes in sexual behavior have future applica-

tions for the assessment of the impact of HPV vaccination on HPV-related diseases263. Indeed, post-

vaccination incidence of HPV-related diseases such as anogenital warts will depend not only on the

parameters of the vaccination program (e.g., coverage, vaccine efficacy, etc.), but also on the un-

derlying trends in incidence due to changes in sexual behavior. For example, we have shown that

oropharyngeal cancer incidence is expected to increase in the next three decades in the absence of

intervention. Hence, this trend of increasing incidence has to be teased out from the future incidence

of oropharyngeal cancer to isolate the true impact of vaccination. Otherwise, we expect to under-

estimate the population-level effectiveness of vaccination. As we did in our study, simulations from

transmission-dynamic models can provide the counterfactual of oropharyngeal cancer incidence in the

absence of vaccination that is needed to assess the unbiased impact of vaccination.

To improve upon this work, we could include in the HPV transmission model each of the other

three main ethnicity categories used in US surveys: Black, Hispanic, and Other. Since the differ-

ent ethnicities have different sexual behavior and HPV-related outcomes, we can learn and validate

our understanding of the relation between sexual behavior and HPV-related outcomes by including

these populations in our model. For instance, we could assess, through simulations of HPV16 trans-

mission, whether the lower frequency of oral sex practice among blacks or Hispanics can explain their

lower prevalence of oral HPV16260. Furthermore, sexual mixing between whites and other ethnicities

have increased throughout the past decades (these results were not shown), and this could also have

played a role in the trends of HPV-related diseases among whites.

Another future avenue is to include in our HPV transmission model stratifications for the co-factors

of progression to HPV-related cancers and for the risk factors of HPV infection. First, the prevalence

or incidence of many of these factors (e.g., smoking, alcohol, contraceptive use, tonsillectomy) has

changed during the past decades136;264–266. Therefore, the cumulative effect of these past changes on

trends of HPV-related cancers may be significant and non-linear due to HPV being infectious. How-

ever, for many of these factors, the causal effect on progression to cancer or on acquisition/duration

of HPV infection is difficult to establish. For example, factors such as smoking and alcohol have been

found to be associated with oral HPV and are potential co-factors of progression from HPV infection

to cancer47;52;133;135. Yet, sexual behavior and sexual mixing are also associated with alcohol and

smoking235;237;238;267, which can produce confounding when assessing the effect of these factors on

HPV acquisition (see Chapter 3). This type of bias has been investigated and could be corrected using

simulations from transmission-dynamic models integrating data on sexual behavior, sexual mixing,

and stratification of the risk factor99 268. Thus, there is a future application for transmission-dynamic

models in understanding the role of risk factors on HPV infection and progression to cancer, as well

as the role of these factors in HPV-related cancer trends.
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3.10 Assortative mixing as a source of bias in epidemiological studies
of sexually transmitted infections: the case of smoking and
human papillomavirus

3.10.1 Summary of results

In epidemiological studies of STIs risk factors, adjustment is often only made for the individual-level

characteristics of the study’s subjects. Our final objective was to determine the conditions under which

assortative mixing with respect to a potential risk factor could cause a bias persisting after adjustment

for individual-level characteristics when estimating the causal effect of the risk factor on a STI. We

used as a case study the association between HPV and smoking, which has been observed in many

studies and interpreted as evidences of a biological effect of smoking on susceptibility to HPV or

duration of infection through the immunosuppressive effects of tobacco47. We found two conditions

that may lead to the assortativity bias: sexual mixing is assortative by smoking status (Condition 1)

and smoking status is associated with sexual activity (Condition 2). We thus simulated the conduct of

a cross-sectional study on the smoking - HPV association in which the Conditions 1-2 are present in

the study population. We estimated the odds ratio (OR) of HPV prevalence comparing smokers with

non-smokers. In our simulated study, even if smoking is not a biological cause of HPV infection, we

observed an OR of 1.51 after perfectly adjusting for the subjects’ individual-level characteristics. The

deviation of the OR from the null value (1.00) was due to the assortativity bias. Assuming smoking

had a biological effect on the probability of transmission or the duration of infection, then the OR

adjusted for the subjects’ individual-level characteristics still overestimated the true biological effect

of smoking. We also observed that the magnitude of the bias increases as the degree of assortativity

increases and as the strength of the association between sexual activity and smoking status increases.

Finally, the magnitude of the bias, as measured by the OR, would be greater for STIs with lower R0

such as HIV.

3.10.2 Strengths and limits

In this study, we were able to conceptualize the assortativity bias as arising under two conditions.

Because of this, we are able to generalize our work to many other associations than the one between

smoking and HPV. Indeed, Conditions 1 and 2 for the occurrence of the assortativity bias can be

generalized by replacing smoking status by any risk factor and sexual activity by any cause of in-

fection. The assortativity bias can also occur for STIs other than HPV. For example, young age is

associated with cervical HPV independently of the number of lifetime partners25. Yet, sexual mixing

is assortative for age254, and young men have higher level of sexual activity than older men254. Thus,

the two conditions for the assortativity bias are satisfied for the association between age and HPV

infection. Likewise, sexual mixing is assortative with respect to ethnicity and black Americans have

higher number of sexual partners than other ethnicities. Hence, black women have been observed to

have higher rates of STIs than white women independently of their own number of sexual partners19.
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We were able to quantify the impact of this bias by using mathematical modelling and empirical

data on smoking and sexual behavior to simulate a fictive study. There are two main strengths to this

approach: 1) we circumvented the logistical and financial hurdles of conducting a study in which the

HPV infection and smoking status of both the study subjects and subjects’ sexual partners would be

needed, 2) we can control all the parameters of the fictive study and population, which allows us to

assess the impact of the bias in different contexts (e.g., high or low assortativity between smokers).

There are three main limits to this study. First, the transmission-dynamic model we used included

only two levels of sexual activity. With additional levels of sexual activity in the model, we would

need to specify in Condition 2 that sexual activity is monotonically associated with smoking status,

which seems to be the case249. In other words, the proportion of smokers should grow as the level

of sexual activity increases. Second, because we don’t have empirical data to inform sexual mixing,

mixing by level of sexual activity and smoking status was modelled using only two parameters: the

degrees of assortativity for smoking and for the level of sexual activity. These two degrees of assor-

tativity are insufficient to parameterize sexual mixing without further assumptions. For example, we

implicitly assumed that assortative mixing by smoking status is independent of assortative mixing by

level of sexual activity. We tested the impact of this assumption by including a parameter of corre-

lation between the two types of assortativity (results not shown). Although the numerical value of

the OR (comparing smokers with non-smokers) changed depending on the correlation, our qualitative

conclusions were robust to this simplification. Finally, the fictive study and population were stratified

for only two characteristics: smoking status and level of sexual activity. In epidemiological studies,

multivariate adjustment for characteristics such as age, SES, and ethnicity is standard. Because the

degree of assortativity by smoking status may decrease after stratification for these covariates, it is

possible that the assortativity bias is partially adjusted for in epidemiological studies. For example,

sexual mixing is assortative by age254 and age is associated with smoking status269. Thus, the degree

of assortativity with respect to smoking status may decrease after stratification for age.

3.10.3 Research in context and Future work

The traditional multivariate regression (logistic or cox) analysis of STI incidence or prevalence can

be useful as a first step to identify important variables. However, such analysis is rarely adequate for

causal inference on the variables because exposure to infection can vary across individuals168. In fact,

the assortativity bias arises from a lack of control of exposure to infection. Indeed, in our simulations,

the assortativity bias is due to smokers’ higher probability of having a partner that smokes, which

results in smokers having higher chance of being exposed to an infected partner. Yet, as in the case

of HPV and smoking, the traditional multivariate analysis without control for exposure to infection

is often both the starting and ending point of the assessment of risk factors270;271. This is because

controlling for exposure to infection is logistically impossible in all but a few cases. Controlling for

exposure can be done by either restricting the study population to subjects known to be exposed to an
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infected partner258, or by directly assessing the infection status of the subjects’ sexual partners. When

such designs are not feasible, we need to be able to better control for the probability of exposure to

infection by using network-level variables.

In our simulated cross-sectional study on the HPV - smoking association, it is possible to control

for the difference in probability of exposure to HPV infection between smokers and non-smokers. In

fact, this difference in exposure to HPV stems entirely from smokers’ sexual partners having a higher

chance of being smokers and being highly sexually active compared to non-smokers’ partners. Hence,

if we could adjust for the smoking status of the subject’s partner (as well as the subject’s level of sex-

ual activity), the imbalance in probability of exposure to infection between smokers and non-smokers

would disappear. However, this strategy of adjustment may not work for more complicated sexual

networks. Better knowledge of sexual network is needed to identify potential adjustment strategies.

For instance, identifying the determinants of assortativity by level of sexual activity is crucial to be

able to control for the partners’ level of sexual activity without directly assessing it. Furthermore,

there may be a use for ecological variables, such as the average socioeconomic status in the neigh-

borhood, as a way to characterize the sexual network of subjects. To test which adjustment strategy

is optimal for observational studies, smaller epidemiological studies of couples with assessment of

infection status in both partners could be used88;201;267. With the progressive acquisition of data on

sexual network, adjustment strategies can also be tested by simulating the conduct of a study with

transmission dynamic models, just as we have done here.

3.10.4 Conclusion of the thesis

Traditionally, transmission-dynamic models have been used to predict the population-level effective-

ness and cost-effectiveness of infectious disease prevention strategies. In this thesis, these types of

models were rather used to understand epidemiological phenomena related to HPV: 1) impact of

multi-site HPV transmission on the effectiveness of HPV vaccination, 2) impact of past trends in

sexual behaviour on past and future incidence of HPV-related cancers, and 3) potential magnitude

of assortativity bias in epidemiological studies examining the relationship between HPV infection

and smoking. To do this, we developed three transmission-dynamic models that reproduced complex

causal systems underlying HPV epidemiology, which enabled us to interpret empirical data without

relying on the assumption of independence of outcomes (SUTVA192). By using models in such a

way, we have shown that 1) models including only genital HPV transmission are likely adequate for

predictions of the population-level impact of vaccination against genital HPV infection and related

diseases, 2) changes in sexual behaviour over the past century could explain the rise in HPV-related

oropharyngeal cancers, and 3) assortative mixing pattern may cause bias in the assessment of the

causal role of smoking on HPV acquisition or duration of infection. Building on this work, HPV

transmission-dynamic models can continue to be used as framework to interpret epidemiological data,

and eventually be integrated in the design and analysis of epidemiological studies.
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Appendix A

Supplementary materials. Modelling
multi-site transmission of the human
papillomavirus and its impact on
vaccination effectiveness

A.1 (Objective 1): Comparing predictions of HPV16 vaccination
effectiveness between multi-site and uni-site transmission-dynamic
models

A.1.1 Models flow charts for the multi-site model

The Figures A.1 to A.4 present the models flow charts (deaths/births and gender/sexual activity strati-
fications are not represented) for the multi-site model used to compare predictions of HPV vaccination
effectiveness between multi-site and uni-site transmission-dynamic models (Objective 1).
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Figure A.1 – Flow chart of multi-site model that include local immunity after genital infection
(Scenario 1): individuals can only acquire immunity upon clearing genital infection and immunity
protects against subsequent genital infections.

Figure A.2 – Flow chart of multi-site model that include local immunity after genital and extra-
genital infections (Scenario 2): individuals can acquire local immunity upon clearing genital and
extragenital infections.
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Figure A.3 – Flow chart of multi-site model that include systemic immunity after genital infection
(Scenario 3): individuals can only acquire immunity upon clearing genital infection and immunity
protects against subsequent infection at any site.

Figure A.4 – Flow chart of multi-site model that include systemic immunity after genital and ex-
tragenital infections (Scenario 4): individuals can acquire systemic immunity upon clearing genital
or extragenital infection.
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A.1.2 Model equations for local immunity

The set of differential equations A.1-A.9 is used to investigate the effect of multi-site transmission on
vaccination impact assuming local immunity only after genital infection (scenario 1) or local immunity
after genital infection and extragenital infection (scenario 2).

d
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d
dtRRW,k = ωGσGRIW,k + ωEσEIRW,k − µRRW,k (A.8)

SSW,k + SIW,k + ISW,k + IIW,k + IRW,k + SRW,k +RIW,k +RSW,k +RRW,k = 1 (A.9)

where,

• R,S,I denote the proportion of individuals resistant/immune, susceptible and infected respec-
tively.

• The first position used in the notation XXW,k represents the extragenital site and the second
position the genital site. Hence, RSW,k represents the proportion of women immune at the
extragenital site and susceptible at the genital site.

• W denotes women gender and M denotes men gender.

• The index k refer to the level/class of sexual activity (i.e., low vs. high).

• ck is the effective rate of new partner acquisition in class k.

• ωj is the probability of developing immunity upon clearing infection at site j.

• σj is the clearance rate (1/year) of infection at site j.

• λj is the rate of autoinoculation from site j to the other site.

• µ is the mortality rate (1/year).

Probabilities of transmission

• πj
′

j is the probability that a man infected at site j infects a woman infection-free at the site(s) j′

within a sexual partnership. Hence, we have:

1. πG
G : probability that an individual infected at the genital site transmit an infection at the genital site.

2. πE
G : probability that an individual infected at the genital site transmit an infection at the extrageni-

tal site.

3. πEG
G : probability that an individual infected at the genital site transmit an infection at both sites.

4. πG
E : probability that an individual infected at the extragenital site transmit an infection at the geni-

tal site.

5. πE
E : probability that an individual infected at the extragenital site transmit an infection at the ex-

tragenital site.

6. πEG
E : probability that an individual infected at the extragenital site transmit an infection at both

sites.

114



7. πG
EG: probability that an individual infected at both sites transmit an infection at the genital site.

8. πE
EG: probability that an individual infected at both sites transmit an infection at the extragenital

site.

9. πEG
EG : probability that an individual infected at both sites transmit an infection at the both sites.

• If we denote βj
′

j the probability per partnership of transmitting infection at site j = {genital, extragenital}
to site j′, then we have:

πGG = βGG

(
1− βEG

)
(A.10)
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E
G (A.11)
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(A.12)
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(
1− βGG

) (
1− βEG

))
(A.13)

The four parameters βj
′

j : {βGG , βEG , βGE , βEE} are the one being calibrated plus the four other
parameters for women-to-men transmission.

Rate of new partner acquisition

• ck, the effective annual rate of new partner acquisition in class k, was computed using data from
the National Survey of Family Growth 2011-2013 (NSFG)272 on lifetime number of partners
for both females and males aged 15-30. Importantly, the rate ck does not represent the mean
annual rate of new partner acquisition among the 15-30 population of the NSFG survey. In fact,
an adjustment was made to compensate for the lack of heterogeneity in sexual activity in our
model by using the computed variance in the number of lifetime partners. Formally,

ck = rk + σk
rk

(A.14)

where rk and σk are respectively the mean and variance of the annual rate of acquisition of
new partners in sexual activity class k. The justification for using such ck is that the R0 of a
population with random mixing and sexual activity parameters rk and σk is equal to the R0 of
a population with random mixing and sexual activity parameters equal ck and a zero variance
(homogeneous population).

Mixing across sexual activity classes

• Ijgender is the total proportion of infected at site j across sexual activity classes weighted by ck:

(i.e., IjW = w1 (RIW,1 + SIW,1) + w2 (RIW,2 + SIW,2) ) (A.15)

(i.e., IjM = w1 (RIM,1 + SIM,1) + w2 (RIM,2 + SIM,2) ) (A.16)
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where,

w1 = N1c1
N1c1 +N2c2

and w2 = N2c2
N1c1 +N2c2

(A.17)

with Nk the number of individuals in class k. This is the standard formula of proportional
mixing.

A.1.3 Model equations for systemic immunity

The set of differential equations A.18-A.24 is used to investigate the effect of multi-site transmis-
sion on vaccination impact assuming systemic immunity after genital infection only (scenario 3) or
systemic immunity after genital and extragenital infection (scenario 4).

d
dtSIW,k = −σGSIW,k − µSIW,k + σE(1− ωE)IIW,k + ckSSW,k

(
πGEI

E
M + πGGI

G
M + πGEGI

EG
M

)
−ckSIW,k

((
πEE + πEGE

)
IEM +

(
πEG + πEGG

)
IGM +

(
πEEG + πEGEG

)
IEGM

)
− λGSIW,k

(A.18)
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(A.20)

d
dtIRW,k = −σEIRW,k − µIRW,k + σGωGIIW,k (A.21)

d
dtRIW,k = −σGRIW,k − µRIW,k + σEωEIIW,k (A.22)

d
dtRRW,k = ωEσEISW,k + ωGσGSIW,k − µRRW,k + σGRIW,k + σEIRW,k (A.23)

SSW,k + SIW,k + ISW,k + IIW,k + IRW,k +RIW,k +RRW,k = 1 (A.24)

where the symbols are defined as the same as previously.
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A.1.4 Supplementary figures

Figure A.5 – Distributions of the probabilities of transmission and rates of autoinoculation iden-
tified in the calibration. Uniform priors [0,1] were assumed for all probabilities of transmission and
uniform priors [0,10] (year−1) were assumed for the two rates of autoinoculation. Distributions for
male-to-female probabilities of transmission and female-to-male probabilities of transmission were
similar and thus were collapsed in one single distribution for each of the four probabilities of trans-
mission.
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Figure A.6 – Population-level effectiveness of HPV vaccination with a multi-site and uni-site
models: comparison by vaccination coverage. Vaccination program is girls-only and vaccine is as-
sumed to have 100% efficacy and lifelong duration for the two sites of infection. No autoinoculation
is assumed and four scenarios are considered regarding the development of natural immunity after
infection: A) Local immunity after genital infection, B) Local immunity after genital and extragenital
infection, C) Systemic immunity after genital infection, D) Systemic immunity after genital and ex-
tragenital infection. No autoinoculation is assumed. The reduction in HPV prevalence is computed at
endemic equilibrium (i.e., 150 years) as:

(
Prevpre-vaccination − Prevpost-vaccination

)
/Prevpre-vaccination.
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A.2 (Objective 2): Understanding the effect of the key factors of
transmission responsible for divergences in predictions of HPV16
vaccination effectiveness between multi-site and uni-site models.

A.2.1 Models flow charts for the multi-site model

Figure A.7 presents the models flow chart (deaths/births and gender/sexual activity stratifications are
not represented) used to conceptualize the simplified homogeneous multi-site model. The latter is
used to explain the variance in predictions of vaccination effectiveness (Objective 2).

Figure A.7 – Flow chart of multi-site model used to conceptualize the simplified homogeneous
multi-site model.

A.2.2 Model equations to assess the effect of transmission parameters on the
reproductive number (R0) of the multi-site model

The set of differential equations A.25-A.28 is used to investigate the effect of modifying transmission
probabilities on the reproductive number R0 with the multi-site model (see Figure 1.2 of the article).

∂Y1
∂t

= −σY1 − µY1 +X1 (π21Y2 + π11Y1) (A.25)

∂Y2
∂t

= −σY2 − µY2 +X2 (π22Y2 + π12Y1) (A.26)

∂Z1
∂t

= ωσY1 − µZ1 (A.27)

Xi = 1− Yi − Zi (A.28)

with,
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• Xi the proportion susceptible at site i = 1 (genital), i = 2 (extragenital).

• Yi is the proportion infected at site i.

• Z1 is the proportion immune at site 1.

• πi,j is the effective contact rate for an infected at site i to a susceptible site j.

• σ is the clearance rate (1/year).

• ω is the probability of developing immunity upon clearance of infection at site 1.

• µ is the mortality rate (1/year).

Note that the proportion infected at two sites simultaneously can be omitted from these equations if we
are only interested in the marginal proportions Y1 and Y2 (the sum of which can exceed 1). This key
simplification arises from the additional assumption that an individual infected at two sites produces
as many i infections as two individuals with a single infection at site 1 and 2. This is not true in
general since the modes of transmission 1→ i and 2→ i are not necessarily independent.

A.2.3 R0 and the effect of genital-extragenital/extragenital-genital transmission

The case of one gender (i.e., symmetrical between men and women)

The differential equations for the marginal proportions have the same structure as a classical model
with sub-populations. Hence, existence and unicity of the system equilibrium has been established
(see273 for example).

At equilibrium, derivatives are equal to 0:

0 = −σY1 − µY1 +X1 (π21Y2 + π11Y1)⇐⇒ π11 = σ + µ

X1
− π21Y2

Y1

R11 := π11
σ + µ

= 1
X1
− R21Y2

Y1
(A.29)

0 = −σY2 − µY2 +X2 (π22Y2 + π12Y1)⇐⇒ π22 = σ + µ

X2
− π12Y1

Y2

R22 := π22
σ + µ

= 1
X2
− R12Y1

Y2
(A.30)

R0 = R11 +R22
2 + 1

2

√
(R11 +R22)2 + 4 (R12R21 −R11R22) (A.31)

The formula for the reproductive number is derived from the definition: the dominant eigenvalue of
the Next-Generation-Matrix274. Rij are the number of secondary j infections caused by someone
infected at i in a completely susceptible population. Hence, genital→extragenital transmission is
captured by R12 and extragenital→genital transmission is captured by R21. Furthermore, for this
model,

(
1− 1

R0

)
is the threshold above which homogeneous vaccination causes elimination of the

infection in the population.

120



We consider the partial derivatives of R0 as a function of both R12 and R21 assuming Y1 and Y2 are
known at equilibrium.

∂R0
∂R12

= − Y1
2Y2

+
−2Y1

Y2
(R22 −R11) + 4R21

4
√

(R11 +R22)2 + 4 (R12R21 −R11R22)
(A.32)

Hence,

∂R0
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≥ 0⇐⇒ Y1
2Y2

4
√

(R11 +R22)2 + 4 (R12R21 −R11R22) ≤ −2Y1
Y2

(R22 −R11) + 4R21

(A.33)

∗ ⇐⇒ R21

[(
Y1
Y2

)2
R12 −R21 + (R22 −R11)Y1

Y2

]
≤ 0⇐= X1 ≤ X2 (A.34)

where we squared both side of the equations and replaced R11 and R22 as functions of R12 or R21.

* There is theoretically the possibility that
(
−2Y1

Y2
(R22 −R11) + 4R21

)
≤ 0. By replacing R22 and

R11 we see that this can never happen if X1 ≤ X2.

We can similarly (symmetric) show that X1 ≤ X2 =⇒ ∂R0
∂R12

≤ 0.

Thus, if the number of susceptibles at equilibrium is lower for genital infections than extragenital in-
fections, increasing genital→extragenital transmission increasesR0 while increasing extragenital→genital
transmission decreases R0 (for fixed Y1, Y2, X1, X2). In particular, if there is no natural immunity
or if the number of immune individuals is the same for genital and extragenital infections, the condi-
tion on the number of susceptibles is equivalent to having a greater prevalence of genital infections
compared to extragenital infections.

As a corollary, the minimumR0 for given equilibriumX2 ≥ X1 is obtained when genital→extragenital
is minimal and extragenital→genital is maximal. Note that we did not need the fact that the clearance
rates were the same for both sites in the proof. The value of R0 for this multi-site model is comprised
between 1/X2 and 1/X1. In fact, assuming that at equilibrium the matrix:

(
R11X1 R21X1
R12X2 R22X2

)
(A.35)

is irreducible and X2 ≥ X1 > 0 (without loss of generality), we have:

Y1 = R11Y1X1 +R21Y2X1
Y2 = R22Y2X2 +R12Y1X2

⇐⇒
(
R11X1 R21X1
R12X2 R22X2

)(
Y1
Y2

)
=
(
Y1
Y2

)
(A.36)

=⇒ ρ

(
R11X1 R21X1
R12X2 R22X2

)
= 1 (A.37)

Furthermore,

=⇒
(
R11X1 R21X1
R12X1 R22X1

)
≤
(
R11X1 R21X1
R12X2 R22X2

)
≤
(
R11X2 R21X2
R12X2 R22X2

)
(A.38)
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=⇒ X1ρ

(
R11 R21
R12 R22

)
≤ 1 ≤ X2ρ

(
R11 R21
R12 R22

)
⇐⇒ 1

X2
≤ R0 ≤

1
X1

(A.39)

with ρ denoting the largest real eigenvalue (or spectral radius) and the Perron-Frobenius theorem is
used to justify the implications (=⇒). Note that this holds for an arbitrary number of sites/dimensions.
Again, we did not need the clearance rates to be the same for both sites. We see that the minimum(
R0 = 1

X2

)
can always be attained through a Next-Generation matrix of the form:

(
0 R21
0 R22

)
(A.40)

The maximum
(
R0 = 1

X1

)
can trivially be attained through the uni-site model:

(
R11 0
0 0

)
(A.41)

The case of two genders (i.e., asymmetrical between men and women)

We use the subscript {M,W} to represent men and women respectively. Thus, we write YiM and
YiW for the prevalence among men and women respectively with i representing the site of infection
as previously. Then, we have the equations:

∂Y1W
∂t

= −σY1W − µY1W +X1W (π21MY2M + π11MY1M ) (A.42)

∂Y2W
∂t

= −σY2W − µY2W +X2W (π22MY2M + π12MY1M ) (A.43)

∂Z1W
∂t

= ωσY1W − µZ1W (A.44)

XiW = 1− YiW − ZiW (A.45)

with analogue equations for YiM .

For this two-gender model, we have the following bounds on R0:

1√
X2MX2W

≤ R0 ≤
1√

X1MX1W
(A.46)

This is similar to the one-gender case except that we take the geometrical mean of the proportion of
susceptible men and women. In fact, we obtain the Next-Generation matrix:

0 0 R11MX1W R21MX1W
0 0 R12MX2W R22WX2W

R11WX1M R21WX1M 0 0
R12WX2M R22WX2M 0 0

 (A.47)

Then we proceed as previously using the fact that the eigenvalues of the matrix composed of blocks
A = 0, λB, γC, D = 0 are:

eigenvalues

(
0 λB
γC 0

)
= eigenvalues

(
0 B
C 0

)√
λγ (A.48)
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As for the effect of R12G and R21G (G = {M,W}), if the prevalence and proportion of susceptibles
are symmetric, i.e. Y1M = Y1W , X1M = X1W , Y2M = Y2W , X2M = X2W , then the same
results holds as in the one-gender case, even if the transmission parameters are asymmetric. Hence, if
X1G ≤ X2G, then

∂R0
∂R12G

≥ 0 and
∂R0
∂R21G

≤ 0 (A.49)

the one-gender case being a particular case. Computing
(

∂R0
∂R21M

)
we get:

∂R0
∂R21M

= R12W − R11WY2M
2Y1M

+
−2
(

Y2M
Y1M X2M

)
(R12WR21W−R22WR11W )+2

(
R12W−

R11W Y2M
2Y1M

)
(R12WR21M +...)

√
−4(R12WR21W−R22WR21M )(R12MR21M−R22MR11M )+...

(...+R12MR21W +R11WR11M +R22WR22M )
...+(R12WR21M +R12MR21W +R11WR11M +R22WR22M )2

(A.50)
We proceed as before:

∂R0
∂R21M

≤ 0⇐⇒
(
−R12W + R11WY2M

2Y1M

)
≤ . . . (A.51)

To take the square of both sides, it suffices to show that if

R12W −
R11WY2M

2Y1M
≥ 0 (A.52)

then the numerator of the second term is negative. This can be shown by replacingR12W by R11WY2M
2Y1M

using equation A.52 and R12WR21M + R12MR21W + R11WR11M + R22WR22M by 2
X2

1M
using the

formula for R0. After taking the square of both sides, we get:

16 (X1M −X2M )
(
R12WX2MY

2
1M + Y2M (R21WX1MY2M )

)
. . .

(R12WX1MY1M (R12MX2MY1M − Y2M ) +R12WX2MY2M (R21WX1MY2M − Y1M )) . . .

(
R12WX1MX2MY

2
1M + Y2M (− (X1M +X2M )Y1M ) +R21WX2MX1MY2M

)
≤ 0

=⇒ ∂R0
∂R21M

≤ 0
(A.53)

The first term of the product is negative by hypothesis, the second is positive and the last two terms
are negative as easily seen. The procedure is similar for ∂R0

∂R12M
. Importantly, equation A.49 needs not

be true if prevalences are asymmetric. As a counterexample, consider:

X1M = 0.5
X2M = 0.6
X1W = 0.2
X2W = 0.5
YiG = 1−XiG

R12W = 0.6
R21W = 2
R12M = 1
R21M = 10

(A.54)
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One can check that ∂R0
∂R12M

≤ 0. However, our numerical simulations with asymmetrical prevalences
of HPV:

Y1M = [0.05− 0.07]
Y2M = [0.01− 0.03]
Y1W = [0.05− 0.07]
Y2W = [0.01− 0.03]

(A.55)

did not produce significant violations of equation A.49. Hence, equation A.49 appears robust to small
deviation of symmetry.

A.2.4 Model with simultaneous transmission: violation of the upper bound on R0.

Assume that equilibrium prevalences at n sites are given by Y1, . . . ,Yn and that for the sake of the
example there is no natural immunity and thus the proportion of susceptible is given by 1−Y1, . . . ,1−
Yn. According to the results presented in the section 5, we should have that the upper bound on R0
(as defined by 1-1/epidemic threshold) is:

1
1−maxi(Yi)

(A.56)

We show by an example that R0 can be arbitrary high even though maxi(Yi) ≤ k for any k, so that
the result in section 5 is false if there is simultaneous transmission (or autoinoculation).

Let c be the contact rate, Di the average duration of infection at sites i = 1, . . . ,n. Assume that the
probability of transmission is 100% per contact between any two sites. Hence, someone who becomes
infected is always infected at all sites simultaneously. For any given R0 and any maximum prevalence
k = maxi(Yi), pick Di = D so that:

k ≥ cD (A.57)

c is also the maximum force of infection at site i if everyone in the population is infected at any site
(proportion infected · contact rate · probability of transmission) = (100% · c · 100%) = c.

Thus, at equilibrium, the prevalence at site iwill be lower or equal to k if the equation A.57 is satisfied.
Pick n the number of sites, so that:

n∑
i=1

D

i
≥ R0

c
(A.58)

Note that
∑n
i=1

D
i is the average duration for someone infected at all sites to clear all his infections.

The number of co-infections within an individual has no importance on transmission since the proba-
bility per contact is 100% for any pair of sites. Hence, an individual has the same infectious potential
as long as one site is infected. We thus see that the reproductive number for this model is:

c
n∑
i=1

D

i
(A.59)

which is greater than the given R0. If we add mortality, the maximum R0 would be bounded by c
times the life expectancy.
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A.2.5 Supplementary figures

Figure A.8 – Effect of transmission parameters on predicted vaccination effectiveness of the
multi-site model. Model simplifications (i.e., no simultaneous transmission of both extragenital
and genital infections, homogeneous sexual activity, symmetric with respect to gender) were made
to enable computation of all the items using analytic formulae. Model was calibrated to a gen-
ital prevalence of 7% and an extragenital prevalence of 3%. The x-axis represents probability
that a male with an extragenital infection infects the genital site of his partner during a partner-
ship, and the y-axis represents the probability that a male with a genital infection infects the ex-
tragenital site of his partner during a partnership. (VE : vaccination effectiveness computed as:
V E = Prevalence genital site pre vaccination-Prevalence genital site post vaccination

Prevalence genital site pre vaccination )
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Appendix B

Technical appendix. Impact of changes in
sexual behavior on past and future trends
of HPV infections and related cancers:
Model description

B.1 Overview

We aimed to simulate the sexual behavior and HPV transmission between the ages of 12 and 44 years
of white men and women from the US population born between 1850 and 1999. To do this, we con-
sidered a fictive population of women and men born every year from 1850 to 1999. Sexual behavior
and HPV transmission was reproduced between the ages of 12 and 44 years. In 2015, the follow-up
relevant to sexual behavior and HPV transmission ends for all individuals remaining. No mortality
is assumed between 12-44 years old. The time-step for the simulation was a month as the temporal
resolution of the data was also monthly. All individuals are identified by ids. Each of the individuals
has the following dates recorded:

Date of birth
Dates of every start of cohabitation with a sexual partner
Dates of every end of cohabitation with a sexual partner
Dates of every non-cohabiting sexual partnership

Hence, each individual has a history of cohabitations and non-cohabiting sexual partnerships. Further-
more, every sexual partner of an individual is identified by its id if that partner meets the requirements
to be in the model (i.e., aged between 12-44 years old and born between 1850 and 1999). If not,
the age, the race, and the level of sexual activity of the sexual partner are recorded. Importantly, we
proceeded differently to estimate the sexual history of those born before 1944 than for those born after
1945. This is because the main surveys we used, the National Survey of Family Growth (NSFG) and
the National Health and Social Life Survey (NHSLS), do not provide data on birth cohorts before
1944. Hence, to inform the sexual activity of cohorts born before 1944, we used data from fewer vari-
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ables from older individuals (aged > 50 years old) from the General Social Survey (GSS). Additional
assumptions were needed for these older birth cohorts.
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Figure B.1 – Age-cohort illustration of the model population. The earliest birth cohort of the model
was born in 1850, the latest in 1999. Individuals are simulated until they reach 44 years of age or until
2015, whichever comes first.

B.1.1 Demographics

From 1850 to 1999, for each race (Non-Hispanic White, Non-Hispanic Black, Hispanic and Other),
each year of age, each calendar year and each gender, we determined the size of the population. To do
this, we used data from the US decennial census224 to estimate the population sizes for 21 different
points: 1) the 0-4 years old population for every decade from 1900 to 2000, 2) the 35-44 years old
population for every decade from 1940 to 2010, 3) the 25-34 years old population in 2015, and 4)
the 15-24 years old population in 2015. Then, we used linear interpolation to estimate the size of the
population for the remaining points. Finally, we assumed that the birth cohorts between 1850 and
1900 were all identical, i.e., the population is stable.
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Figure B.2 – Size of the white male and female population in the US by birth year.

B.1.2 Sexual behavior surveys

The surveys and the information used to inform the model on the sexual activity of the US population
are presented in Table B.1.
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Table B.1 – Selected national surveys on the sexual behavior of the US population

Surveys Surveys Number of Age of Birth cohorts Selected sexual behavior variables Interview
years(a) participants participants covered method

General Social 1988-91, 93 1. Number of sexual partners after 18 years old Self-Administered
Survey 94, 96, 98, 00 ≈ 30000 >18 yrs 1900-1999 2. Age at first marriage (Computer &

02, 04, 06, 08 pen & paper)
1. Dates of cohabitation with sexual partners
2. Age of cohabitation partners

National Health and 3. Age at first sexual intercourse
Social Life Survey 1991 ≈ 2000 18-59 yrs 1931-1973 4. Lifetime number of sexual partners Self-Administered

5. Race of sexual partners (pen & paper)
6. Timing of sexual partnerships relative to dates

of cohabitation (e.g., before the first cohabitation
1. Dates of cohabitation with sexual partners
2. Age and race of cohabitation partners
3. Age at first sexual intercourse

National Survey of 1988, 95, 2002, 4. Age and race of first sexual intercourse partner
Family Growth 2006-10, 2011- ≈ 50000 15-44 yrs 1945-1999 5. Lifetime number of sexual intercourse partners ACASI(e) &

13, 2013-15 6. Past year number of sexual intercourse partners CAPI(f)

7. Age of past year sexual intercourse partners
8. Ever performed oral sex(b)

Three surveys from 1972, 1993, 2008 1. Ever received cunnilingus Telephone interview &
France ≈ 19000 18-69(c) yrs 1903-1990 2. Ever received fellatio Face-to-face interview

(a)Only years of surveys with sexual behavior data are indicated; (b)Years 2006-2010, 2011-2013 and 2013-2015 only; (c)Some questions for some years had respondents aged
60-69 years; (d)Since the 2009-2010 editions; (e) Audio Computer-Assisted Self-Interview; (f)Computer-Assisted Personal Interviewing;
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B.2 Women’s sexual history for birth cohorts born between 1945 and
1999

B.2.1 Overview

We estimated all the events dates in the sexual history of women in the following order: 1) date of first
sex, 2) dates of start and end of cohabitations in chronological order, 3) dates of non-cohabiting sexual
partners. The order is important because estimation of the dates of any event has to be conditional on
dates already estimated. For instance, the date of the start of the first cohabitation is conditional on
the date of first sex. Likewise, estimation of 3) dates of non-cohabiting sexual partners is conditional
on 1) date of first sex and 2) dates of cohabitations. It is crucial to preserve the dependency structure
between the different events of the sexual history to accurately reproduce sexual history profiles.

First sex 44 y-o 12 y-o 

First sex  Cohabitation Initiation Separation 44 y-o 12 y-o 

2nd partner 3rd partner 5th partner 

First sex Cohabitation Initiation Separation 44 y-o 12 y-o 

Figure B.3 – Illustration of the building of a sexual history profile of a woman. The woman in
this example had 5 lifetime sexual partners: 4 non-cohabiting partners and 1 cohabitation partner.
The date of first sex is estimated first, then dates of cohabitations (possibly more than one), then
dates of non-cohabiting sexual partnerships (red). Non-cohabiting sexual partnerships are modelled
as instantaneous.
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B.2.2 Date of first sex

The NSFG surveys of 1982, 1988, 1995, 2002, 2006, 2011-2013, 2013-2015 provide data on the age
at first sex of women born between 1939 and 1999. Using these data, we fitted a statistical model of
the rate of sexual initiation per age and birth year. The model was fitted using "gamlss" function of
the "gamlss.cens" package. The models specifications as well as illustrations of the fit are presented
in the Technical Appendix C.1.1.

B.2.3 Dates of cohabitation

The NSFG surveys of 1988, 1995, 2002, 2006, 2011-2013, 2013-2015 provide data on the cohabi-
tation history of women born between 1945 and 1999. Dates of cohabitations were recorded for all
women up to a maximum varying between 6 and 10 depending on the survey. Using these data, dates
of cohabitation were estimated in chronological order, starting with the date of the start of the first
cohabitation and ending with the date of the end of the last cohabitation. A maximum number of 8
cohabitations was assumed because the proportion of women with more than 8 was negligible. Statis-
tical models of the rates of cohabitation initiation and separation were fit to data using as predictors
the dates already estimated. These models are described in Table B.2 with complete formulation and
illustrations of fits given in the Technical Appendix C.1.2.

B.2.4 Dates of non-cohabiting sexual partnerships

Estimating the number of non-cohabiting sexual partnerships

We first estimated the number of non-cohabiting sexual partnerships given the history of cohabitation
and the age of first sex of each woman. The NSFG surveys of 1988, 1995, 2002, 2006-2010, 2011-
2013, 2013-2015 provide data on the distribution of the number of non-cohabiting sexual partnerships.
Statistical models were fit to the number of non-cohabiting sexual partnerships using as predictors a
characterization of cohabitation history and age at first sex. To characterize cohabitation history, we
used the following variables:

Age at first sex
The number of months between first sex and start of first cohabitation (the pre-cohabitation period)
The number of months outside a cohabitation partnership after the 1st cohabitation (the post-cohabitation
period)
The number of cohabitations
Age

Months outside a cohabitation partnership are at greater "risk" for the occurrence of non-cohabiting
partners: the number of such months is a very strong predictor of the total number of non-cohabiting
partners. The length of pre-cohabitation is likewise a very strong predictor of the number of pre-
marital partners. We considered two variants of the number of months outside a cohabitation part-
nership: the number of months unweighted, and the number of months weighted proportionally with
respect to age so that younger ages are given more weight than older ages.

Sexually active white women were split into four classes according to their lifetime number of non-
cohabiting partners: 0 − 2, 3 − 10, 11 − 40, ≥ 41. We fitted four logistic regression models to
determine class membership conditional on cohabitation history. We fitted two negative binomial re-
gression models to determine the number of non-cohabiting partners within the 3 − 10 and 11 − 40
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Table B.2 – Predictors used to model time of initiation and separation of sexual partnerships
involving cohabitation

Predictors

First cohabitation
Initiation Age at first sex, birth year, age

Separation Age at first sex, birth year, age at 1st cohabitation,
duration of cohabitation

Second cohabitation

Initiation
Age at first sex, birth year, age at 1st cohabitation,
age at end of 1st cohabitation,
time since end of 1st cohabitation

Separation
Age at first sex, birth year, age at 2nd cohabitation,
duration of 1st cohabitation,
duration of current cohabitation

Third cohabitation or more

Initiation

Age at first sex, birth year,
age at previous cohabitation,
age at end of previous cohabitation,
number of previous cohabitations,
time since end of previous cohabitation

Separation

Age at first sex, birth year,
age at start of current cohabitation,
duration of previous cohabitation,
number of previous cohabitations,
duration of current cohabitation

classes conditional on cohabitation history. For the open ≥ 41 class, we fitted a power law regression
model using data from NSFG 95 and NHSLS which are not right-censored (i.e., there is no limit on
the number of partners that can be reported). This process is illustrated in Figure B.4. Complete
models formulations and illustrations of fits are given in the Technical Appendix C.1.3.

Determining the period of occurrence of non-cohabiting sexual partnerships

Given the previously estimated number of non-cohabiting partnerships and cohabitation history of
each woman, we attributed each of the non-cohabiting partnership to one of 17 possible periods:

1. Pre-cohabitation: between date of first sex and date of start of first cohabitation
2. First cohabitation: between date of start of first cohabitation and date of end of first cohabitation
3. First post-cohabitation: between date of end of first cohabitation and the date of the start of second
cohabitation
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Figure B.4 – Process of estimating the number of non-cohabiting sexual partnerships among
women. Women are split into four classes using logistic regression (0 − 2, 3 − 10, 11 − 40, ≥ 41).
Women are first split into two classes using logistic regression (1 − 10, ≥ 11). Then each of these
two classes is further split into two classes using logistic regression resulting in four final classes.
Two negative binomial regressions are used to estimate the number of non-cohabiting sexual partners
within the 3− 10 and 11− 40 classes. Using non-censored data from NSFG 95 and NHSLS, we also
fitted a power law regression model for the open class ≥ 41.
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...
16. Eighth cohabitation: between the date of start of eighth cohabitation and date of end of eighth
cohabitation
17. Eighth post-cohabitation: between the date of end of eighth cohabitation and the end of follow-up

To do this, we used data from the NHSLS. In this nationally representative survey, complete cohabita-
tion history is recorded as in the NSFG. Furthermore, lifetime sexual partners are classified according
to the period in which they occurred. The six periods used in NHSLS to classify sexual partners are:

Pre-cohabitation
First cohabitation
First post-cohabitation
Second cohabitation
Second post-cohabitation: between the end of second cohabitation and one year before interview
Past year: up to one year before interview

We fitted to these data models:
P [ti = k] = Wk∑

jWj

where ti is the period in which occurred the ith non-cohabiting partner, andWj is the weight of period
j. Each weight Wj is given by a function:

log(Wj

Nj
) = f(βj ,P redictors)

where Nj is the number of months in period j and f(βj ,P redictors) is a piecewise-linear func-
tion with parameters to be estimated. The model described corresponds to acquiring non-cohabiting
partners each month according to a Poisson distribution of mean proportional to

exp(f(βj ,P redictors))

White women in the NHSLS were divided in four classes according to their number of non-cohabiting
partners: 1, 2 − 3, 4 − 7, ≥ 8. For each class, a model as described above was fitted by minimizing
the log-likelihood using the fminsearch Matlab function. There are two key hypotheses to this model:
1) the timing of non-cohabiting partnership events has not changed between birth cohorts of 1900 to
1999 if we condition on the total number of lifetime partners and cohabitation history, 2) the ti are
independent one of another. In lay terms, 1) means that given two women with the same cohabitation
history and the same lifetime number of partners but born at different times, both will have the same
stochastic distribution governing the timing of non-cohabiting partners events. As for 2), it means
that acquiring a partner during a given month does not lower the chance of acquiring a partner in
the next month. In other words, we do not account for potential time-dependency between non-
cohabiting partnerships (e.g., due to non-zero length of partnership). Complete models formulations
and illustrations of fits are given in Technical Appendix C.1.3.

Determining the months of occurrence of non-cohabiting sexual partnerships occurring in a
period outside a cohabitation partnership

After having classified sexual partnerships in one of the 17 periods described above, we determined
the month during which every partnership occurred. For partnerships occurring in a period outside
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a cohabitation partnership (i.e., odd periods), we attributed a weight to every year of age within the
period and sampled the months of every partnership through a weighted random sampling with re-
placement.
To estimate these weights, we used data from the NSFG 95 on the date of sexual partnerships that
occurred between the time of interview and 5 years before the time of interview. For every woman
and every year of age available, we estimated the average number of new partners per month outside
cohabitation during the year: Ni,year. To adjust for possible confounding effect of an association
between the level of sexual activity and the years of age contributed (e.g., women with high number
of partners having a lower age at first sex), we computed the ratio RRi,year = Ni,year/Ni,year+1 for
each woman and combined the ratios using Mantel-Haenszel to obtain an adjusted ratio RRyear. The
weight of year k is thus the product RR0 × · · · ×RRk−1.

Determining the months of occurrence of non-cohabiting sexual partnerships occurring during
a cohabitation partnership

Given a non-cohabiting partnership occurring during a given cohabitation partnership, we sampled
the t = month of occurrence of the non-cohabiting sexual partnership given l = the length of the
cohabitation from a conditional distribution. We used data from the NSFG 95 to estimate the joint
distribution of t and l. We first identified all cohabitations that were formed and dissolved within the
5 year period before the interview date. We excluded ongoing cohabitations to prevent selection bias.
We then identified all new sexual partnerships occurring during these cohabitations and we computed
the timing of these new sexual partnerships, as the number of months since the start of cohabitation /
length of cohabitation. We categorized l, the length of cohabitation, as short (< 1 year), medium ([1,2]
years) and long (> 2 years and more). We used kernel density estimation with a Gaussian kernel to
estimate the joint distribution of the timing of new sexual partnerships and the length of cohabitation.

B.3 Women’s sexual mixing with men for birth cohorts born between
1945 and 1999

B.3.1 Overview

We determined the age and race of every woman’s partner separately for cohabitating and non-
cohabiting partners. Both the age and race of every woman’s partner was dependent on the woman’s
sexual history. Complete models formulations and illustrations of fits are given in Technical Appendix
C.2.1.

B.3.2 Cohabitation partners

Race of male partner

We used data on the race of each cohabitation partner in NHSLS, NSFG 2006-2010, 2011-2013,
2013-2015 to fit three logistic regression models. Race is categorized as Non-Hispanic White, Non-
Hispanic Black, Hispanic and Others. The first model is used to estimate the probability that the
partner is White. The second model estimates the probability that the partner is Black conditional
on the partner not being White. The last model estimates the probability that the partner is Hispanic
conditional on the partner being neither White nor Black. For all three models, predictors were the
birth year, duration of cohabitation, lifetime number of partners at the time of interview, lifetime
number of cohabitations at the time of interview, age at interview.

135



Age of male partner

We used data on the age of each cohabitation partner in NSFG 1988, 1995, 2002, 2006-2010, 2011-
2013, 2013-2015 to fit four regression models of mixture of two normal law, one logistic regression
model, and one regression on the mean of a gamma distribution. The logistic model estimates the odds
that a woman has a male partner more than 25 years older than her. If the age difference is greater than
25 years, the gamma regression estimates the age difference between the male and female partner. If
the age difference is under 25 years, one of the four models of mixture of two normal law estimates
the age difference. These four models correspond to four categories of age at cohabitation: 12 − 19,
20 − 26, 27 − 34, ≥ 35 years old. For all four models, predictors of the mean were the birth year,
age at the time of cohabitation initiation, predictors of the logistic regression model of the mixture
were duration of cohabitation, birth year, lifetime number of partners at the time of interview, lifetime
number of cohabitations at the time of interview, age at interview.

B.3.3 Non-cohabiting partners

Complete models formulations and illustrations of fits are given in Technical Appendix C.2.2.

Race of male partner

We used data on the race of lifetime non-cohabiting partners only available in the NHSLS and demo-
graphic data on the race composition of the US population by birth cohort from decennial census to
fit a model of preferential mixing. The model is used for extrapolation because the NHSLS data do
not cover the younger birth cohorts. The formulation of the model is:

Py[Race = k] = Nk,yWk∑
j Nj,yWj

with k in {White, Black, Hispanic, Others}, y is the birth year of the woman, Nk,y is the population
size of men of race k in birth cohort y, Wk is a preferential weight of white women towards men of
race k, and Py[Race = k] is the probability that a new male partner of a woman born year y is of race
k. The weights Wk are modelled as:

Wk = exp(αk + βklog(LP ))

with LP = Lifetime number of partners. Furthermore, we include a random individual effect to
account for intra-individual correlation in race preference. We thus model the logit of the odds for a
specific woman i as:

logit(Py[Race = k]i) = logit(Py[Race = k]) + εi,k

with εi,k ∼ N(0,α′k) The model was fitted by minimizing the log-likelihood using the fminsearch
Matlab function.

Age of male partner

We used data on the age of non-cohabiting partners available in NSFG 1995, 2002, 2006-2010,
2011-2013, 2013-2015. To avoid selection bias due to the length of partnership, we used only non-
cohabiting partnerships which began during the retrospective follow-up period (either one-year or
5-years period before interview).
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We proceeded in two steps. First, we fitted four regression models of mixture of two normal laws
for the age difference between the male and female partners for the first sexual partnership (if that
partnership isn’t a cohabitation). These four models correspond to four categories of age at first sex:
12− 19, 20− 29, 30− 37, ≥ 38 years old. The predictors for these models were: birth year, lifetime
number of partners at the time of interview, lifetime number of cohabitations at the time of interview,
age at interview, age at first sex. We determined the age of the male partner of the first sexual part-
nerships using these models. The goal was to then use the age difference at first sex as a predictor for
the age difference of subsequent non-cohabiting partnerships (thereby introducing a within-individual
correlation).

Second, we fitted four regression models of mixture of two normal law, one logistic regression
model, and one regression on the mean of a gamma distribution to estimate the age difference for
non-cohabiting partnerships other than the first sexual partnerships. The logistic model estimates the
odd that a woman has a male partner more than 15 years older or younger than her. If the age dif-
ference is greater than 15 years, the gamma regression estimates the age difference between the male
and female partner. If the age difference is under 15 years, one of the three models of two normal law
mixture estimates the age difference. These three models correspond to three categories of age at start
of partnership: 12 − 24, 25 − 34, ≥ 35 years old. For all three models, predictors of the mean were
the age at the start of partnership; predictors of the logistic regression model for the mixture were age
difference between male and female partners at first sex, birth year, lifetime number of partners at the
time of interview, age at interview, age at first sex.

B.4 Men’s sexual history

B.4.1 Overview

Men’s sexual history was dependent on the women’s sexual history. Dates of cohabitation and of non-
cohabiting partnerships in men were determined simultaneously with the sexual mixing with women.
We proceeded in five steps: 1) Estimate an incomplete profile of sexual history for every man, 2)
Identify who mixes with whom for cohabitation partnerships, 3) Complete the profile of cohabitation
history of men, 4) Estimate an incomplete profile for non-cohabiting partnerships, 5) Identify who
mixes with whom for non-cohabiting partnerships, 6) Complete the profile of sexual history for men.

B.5 Step 1: Incomplete profile of men’s sexual history

Complete models formulations and illustrations of fits are given in Technical Appendix C.3.

B.5.1 Number of cohabitations

We estimated the number of cohabitations of each man given his birth year. We used data from
NHSLS, NSFG surveys of 2002, 2006-2010, 2011-2013, and 2013-2015 on the number of cohabita-
tions of men born between 1945 and 1999. Three logistic regression models were fitted to determine
the probability of having had 0 cohabitation, 1 cohabitation, 2 cohabitations, and 3 or more cohabita-
tions. A negative binomial regression model was fitted to determine the exact number of cohabitations
for men with 3 or more cohabitations (from 3 to 8 cohabitations). In all four models, the only predic-
tors were age at interview and birth year.
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B.5.2 Approximate length of cohabitations and age at first cohabitation

The lengths of cohabitations were categorized as ]0,1] year, ]1,5] years, ]5,10] years, > 10 years.
For every cohabitation, we determined the approximate length of cohabitation as one of these four
categories. To do this, every man of the model was matched for birth year and number of cohabitations
with a male participant of the NSFG or NHSLS. Lengths of cohabitations and age at first cohabitation
were derived directly from the matched male participant.

B.5.3 Number of non-cohabiting sexual partnerships

We estimated the number of non-cohabiting sexual partnerships given the incomplete cohabitation
history of men. We proceeded as we did with women, first splitting men in 6 classes: 0 partner, 1− 3
partners, 4 − 10 partners, 11 − 20 partners, 20 − 40 partners, ≥ 41, partners. We fitted five logistic
regression models to determine class membership, four negative binomial regression models and one
power law regression to determine the exact number of partners within each class. The power law
was used to estimate the number of partners of men with more than 40 partners without using any
predictors. For all other models, the predictors were birth year, number of cohabitations, lengths of
cohabitations, and age at interview.

B.5.4 Race of female cohabitation partner

We used data on the race of each female cohabitation partner in NHSLS, NSFG 2002, 2006-2010,
2011-2013, 2013-2015 to fit three logistic regression models. Race is categorized as Non-Hispanic
White, Non-Hispanic Black, Hispanic and Others. The first model is used to estimate the probability
that the partner is White. The second model estimates the probability that the partner is Black con-
ditional on the partner not being White. The last model estimates the probability that the partner is
Hispanic conditional on the partner being neither White nor Black. For all three models, predictors
were the birth year, duration of cohabitation, lifetime number of partners at the time of interview,
lifetime number of cohabitations at the time of interview, number of cohabitations at the time of co-
habitation initiation.

B.5.5 Age of female cohabitation partner

We used data on the age of the female cohabitation partners of men in NHSLS, NSFG 2002, 2006-
2010, 2011-2013, 2013-2015 to fit four regression models of mixture of two normal law to estimate
the age difference: age of man minus age of woman. These four models correspond to four categories
of age at cohabitation: 12−19, 20−24, 25−34,≥ 35 years old. The predictors for these models were:
age at interview, lifetime number of partners at the time of interview, number of previous cohabitations
at the time of cohabitation, birth year, length of cohabitation. The estimation of the age of the female
partner is only necessary to determine if the female partner is outside the model population (see below
B.7).

B.6 Older birth cohorts: 1850-1944

Complete models formulations and illustrations of fits are given in Technical Appendix C.4.
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Figure B.5 – Process of estimating the number of non-cohabiting sexual partnerships among
men. Men were split into six classes using logistic regression (0, 1 − 3, 4 − 10, 11 − 20, 21 − 40,
≥ 41). Negative binomial regressions were used to estimate the number of non-cohabiting sexual
partners within each of the first three classes. A power law regression was used for estimation within
the last class (≥ 41).

B.6.1 Overview

We are primarily interested in cohorts born between 1945 and 1999. However, individuals born close
to 1945 will have sexual partners born before 1945. Hence, if we are interested in simulating the
transmission of STIs for birth cohorts between 1945 and 1999, we still need to take in account the
sexual activity and transmission of cohorts born before 1945. This poses the problem of "closing"
the population. Typically, this is done by assuming that the population is initially stable. In our case,
this would mean that the 1945 population is stable as far as sexual activity is concerned. However,
there are strong evidences that changes in sexual behavior were occurring in the beginning of the 20th
century, much earlier than the birth cohort of 1945. Therefore, we chose rather to assume a stable
population before 1900 with changes in sexual behavior occurring from the birth cohort of 1900 up
until the birth cohort of 1999. We thus extended the range of the birth cohorts we consider from 1945-
1999 to 1850-1999, with the birth cohorts between 1850-1900 being stable (the same). This additional
period from 1850 to 1900 is included to allow transmission to reach an equilibrium state before the
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beginning of the 20th century.

To determine the sexual activity of the birth cohorts between 1900 and 1944, we used data on the
lifetime number of sexual partners (since age 18) and the age at first marriage from the GSS between
1989-2016. Since the GSS has no age limit, unlike the NSFG and NHSLS, it is possible to have partial
data on the sexual history of men and women born between 1900 and 1944. Sexual activity for the
birth cohorts before 1900 was assumed to be identical to the birth cohort of 1900.

B.6.2 Lifetime number of partners of men and women born between 1850-1944

Using the data from GSS on the number of sexual partner since 18 years old, we fitted models to
determine the lifetime number of partners like the models described in B.2.4, but we only use year of
birth as predictor.

B.6.3 Age at first cohabitation of men and women born between 1850-1944

Using the data from GSS on age at first marriage, we fitted a multinomial model to determine the
age at first cohabitation categorized as [0, 20] years, ]20, 25] years, ]25, 30] years, > 30 years. The
predictors of the model were year of birth, and lifetime number of partners since 18 years old. It is
assumed in this step that age at first marriage coincides with age at first cohabitation for these birth
cohorts.

B.6.4 Completion of the sexual history of men and women born between 1850-1944

We completed the information on the sexual history of men and women born before 1945 by matching
them with a participant from NHSLS born between 1945 and 1955, with the same number of partners
after 18 years old, the same gender, and the same age at first cohabitation. We then took the number of
partners before 18 years old of the match in the NHSLS as the number of partners before 18 years old
of the individual of the model to obtain his total lifetime number of partners. We applied a correction
to account for non-intercourse partners in GSS (see Technical Appendix C.3.2). This step was omitted
for women. For both men and women, we used the sexual history of the match in NHSLS to complete
the missing information: characteristics of sexual partners, age at first sex, number and lengths of
cohabitations.

B.7 Step 2: Who mixes with whom: cohabitations with men inside the
model population

B.7.1 Overview

For every cohabitation recorded in the sexual history of women, we determined which man was the
partner. For cohabitations occurring with a man inside the modelled population (i.e., white man
between 12 and 44 years old and born between 1850-1999), the following characteristics were known
and recorded in the sexual history of the woman: 1) length of cohabitation, 2) age of male partner 3)
date at start of cohabitation. Using this information, we identified all men that were eligible to have
had this cohabitation and sampled one among them.

140



Eligibility of male partners

For a given cohabitation of a woman, we identified men who were not in cohabitation at the time it
occurred, who had an upcoming cohabitation in their sexual history, and who had the same age at the
time of the cohabitation as the age of the male partner recorded in the woman’s sexual history. Then,
we considered the following recorded characteristics of the upcoming cohabitations of the potential
male partners: 1) length of cohabitation, 2) age at cohabitation (if known). We selected only men
for whom the characteristics of the upcoming cohabitation matched the characteristics of the given
cohabitation of the woman. If no men could be found, we progressively increased the range of eligible
ages for the male partner and then of eligible lengths of cohabitation until at least one man could be
found.

B.7.2 Sampling of the male partner using lifetime number of partners

To sample among the eligible men, we split them into four classes of lifetime number of partners: 1−4,
5 − 10, 11 − 20, ≥ 20. Then, we estimated the probabilities that the male partner belongs to each
of the four classes. To do this, we used data on all cohabitations declared by men in NHSLS, NSFG
2002, 2006-2010, 2011-2013, 2013-2015 to fit three logistic regression models to determine class
membership of the male partner of a given cohabitation. For all three models, the predictors were:
the difference in age between the partners, the age of the male partner at the time of cohabitation
initiation, the duration of cohabitation, and the year of birth. Once the class of the male partner was
determined, we sampled a random man among all the remaining eligible men of that class.

B.7.3 Step 2: Who mixes with whom: cohabitations with individuals outside the
model

For cohabitations of women with non-white men, men born before 1850, men born after 1999 or men
older than 44 years, we simply determined the level of sexual activity of the male partners by using the
logistic regression models described in section B.7.2. For instance, if a woman cohabits with a black
man, we used the probabilities of class membership predicted for a white man partner with otherwise
the same characteristics as the black man.

Furthermore, for every cohabitation of men after the first, we had to determine whether the next
cohabitation was with a woman inside the model. To do this, we needed to impute first the age at the
start of next cohabitation. To do this, we fitted models analogous to those fitted for females in B.2.3.
Once the age at the start of the next hypothetical cohabitation was determined, we used the models
described in B.5.4 and B.5.5 to determine the age and race of the female partner. If the hypothetical
female partner was outside the model, we determined the level of sexual activity of the female partner
as explained previously for male partners. However, we used directly the females in the model to fit
the three logistic regression models to determine class membership (1 − 4, 5 − 10, 11 − 20, ≥ 21
lifetime partners) of the female partner of a given cohabitation of a man. For all three models, the
predictors were: the difference in age between the partners, the age of the male partner at the time of
cohabitation initiation, the duration of cohabitation, and the birth year.

B.8 Step 3: Complete the profile of men’s cohabitation history

With the information provided in Step 2: Who mixes with whom, we completed the cohabitation
history of all men. Importantly, it was possible for men to have a cohabitation(s) recorded in their
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history with a female partner inside the population, but that no female partner was actually assigned to
this cohabitation. The reason for this is that the number of cohabitations reported by men exceeds the
number of cohabitations reported by women. Hence, some cohabitations of men had no female partner
assigned to them. These cohabitations that remained unassigned after Step 2 were removed from the
cohabitation history of the men and were instead converted to non-cohabiting sexual partnerships. As
a result, the distribution of the number of cohabitations for men changed after Step 2: the proportion
of men with 3 or more cohabitations declined.

B.9 Step 4: Estimate an incomplete profile of non-cohabiting
partnerships

B.9.1 Estimating the age at first sex for men

We used data on the age at first sex for men in NHSLS, NSFG 2002, 2006-2010, 2011-2013, 2013-
2015 to fit two logistic regression and three negative binomial regression models to determine the gap
in years between the age at first sex and age at first cohabitation. The logistic regression models were
used to classify the gap as either low ([0,3] years), average (]3,9] years) or high (≥ 9 years). The
negative binomial models were used to determine the exact gap in years for each of the three classes.
For all models, predictors were the lifetime number of partners at interview, age at first cohabitation,
birth year, age at interview.

B.9.2 Estimating the period of non-cohabiting sexual partnerships

We proceeded as described for women in B.2.4. Thus, we attributed each of the non-cohabiting
partnership to one of the 17 possible periods delimited by the beginning and end of each cohabitation
with sexual initiation being the starting point. Men were split in four classes according to their number
of non-cohabiting partners (1− 3, 4− 8, 9− 18, ≥ 19) and we fitted a model for each class using the
NHSLS data:

P [ti = k] = Wk∑
jWj

where ti is the period in which occurred the ith non-cohabiting partner, andWj is the weight of period
j. Each weight Wj is given by a function:

log(Wj

Nj
) = f(βj ,P redictors)

where Nj is the number of months in period j and f(βj ,P redictors) is a piecewise-linear function
with parameters to be estimated. This model was used to attribute each non-cohabiting partnership to
a specific period.

B.9.3 Estimating the months of non-cohabiting sexual partnerships occurring in a
period outside a cohabitation partnership

After having classified sexual partnerships in one of the 17 periods described in B.2.4, we estimated
the month during which every partnership occurred. For partnerships occurring in a period outside a
cohabitation partnership (i.e., odd period), we sampled the months of occurrence of every partnership
through a random sampling with replacement.
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B.9.4 Estimating the months of non-cohabiting sexual partnerships occurring during
a cohabitation partnership

We used the exact same procedure as in B.2.4 for women.

B.9.5 Men who pay for sex

To determine who has paid for sex, we used data from the GSS in which men are asked if they have
ever paid for sex in their lifetime. We fitted a logistic regression model to these data using as predictors
the lifetime number of partners at interview and age at interview. We thus had a subpopulation of men
who pay for sex (MWPS).

B.9.6 Race of non-cohabiting female partners

As in B.2.4, we used data on the race of lifetime non-cohabiting partners only available in the NHSLS
and demographic data on the race composition of the US population by birth cohort from decennial
census to fit a model of preferential mixing. The model is used for extrapolation because the NHSLS
data do not cover the younger birth cohorts. The formulation of the model is:

Pi,y[Race = k] = Nk,yWi,k∑
j Nj,yWi,j

with j in {White, Black, Hispanic, Others}, y is the calendar year the partnership occurred, i denotes
whether an individual has paid for sex, Nk,y is the population size of men of race k at year y, Wi,k is a
preferential weight of white men towards women of race k, and Pi,y[Race = k] is the probability that
a new female partner is of race k for a partnership occurring year y. The weights Wi,k are modelled
as:

Wi,k = exp(αi,k + βi,klog(LP ))

where LP is the lifetime number of partners and αi,k,βi,k are parameters to be fitted. Hence, there are
two different sets of preferential weights depending on whether a man has paid for sex. This replaces
the intra-individual correlation parameter that was included in the model for women in B.2.4.

B.9.7 Age of non-cohabiting female partners

We used data on the age of the female non-cohabiting partners of men in NHSLS, NSFG 2002, 2006-
2010, 2011-2013, 2013-2015 to fit three regression models of mixture of two normal laws to estimate
the age difference: age of man minus age of woman. These three models correspond to three cate-
gories of age at interview: 12−17, 18−29,≥ 30 years old. The predictors of these models were: age
at interview, lifetime number of partners at interview, lifetime number of cohabitations at interview,
age at start of partnership.

B.9.8 Balancing non-cohabiting partnerships

In the national US surveys, the total number of non-cohabiting partnerships reported by men far ex-
ceeds the number of non-cohabiting partnerships reported by women. This should not be possible in a
closed population, and may be a consequence of 1) reporting bias (e.g., due to social desirability), 2)
under-sampling and under-reporting of core-groups of highly sexually active women (e.g., sex work-
ers), 3) the population is not closed (e.g., men having sex outside of the US).
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Scenario 1: Under-sampling and under-reporting of the core group
In Scenario 1, we assumed that the reason for the discrepancy in the reported number of sexual partners
is the under-sampling of US female sex workers or other women with extremely high number of part-
ners, the absence of foreign female sex workers in the surveys populations, and the under-reporting of
sex workers and high-risk women who do get sampled in the survey. In fact, it is unlikely sex workers
can accurately report their lifetime number of partners if it exceeds thousands of partners, and that
value would be right-censored in most databases (the maximum possible value is 50 for NSFG after
1995). Hence, in this scenario, partnerships in excess reported by men are assumed to be formed with
small groups of highly sexually active women either inside or outside the US.

In the model population, we created for the purpose of balancing partnerships a population of highly
sexually active women, which includes sex workers either inside or outside the US population. To do
this, we sampled among the existing women in the model a subpopulation of 40 women with at least
50 non-cohabiting partnerships. We duplicated these 40 women for every year of birth, generating
groups for every year of birth from 1850 to 1999. Next, we compared the non-cohabiting partnerships
of men with the non-cohabiting partnerships of women and calculated the excess. We first classified
the non-cohabiting partnerships according to 1) the year of birth of the male partner (ten-years cat-
egories), 2) the age of the male partner ( 12 − 15, 16 − 19, 20 − 24, 25 − 34, 35 − 44 years old),
and 3) the age difference between the male and female partners (≤ −3, ] − 3,1], ]1,3], > 3 years).
Then, within each class thus defined, we calculated the difference between the number of partnerships
of men and the number of partnerships of women. The result is the total number of partnerships in
excess. As per our assumption, the partnerships of men in excess have to be formed with a member of
the high-risk group (High-risk women: HRW). We then determined which men formed partnerships
with the HRW (men-with-high-risk-women: MWHRW). We automatically included MWPS among
MWHRW, as determined in B.9.5. We thus first sampled among partnerships of MWPS until we
reached the number of partnerships in excess. Since this was not possible due to an insufficient num-
ber of MWPS, we increased the number of MWHRW by sampling among men who do not pay for
sex. We did this by taking in account the likelihood of each man to have had paid for sex as calculated
with the model used in B.9.5. We also forced 10% of the men with the highest number of partnerships
to be MWHRW. After this process, non-cohabiting partnerships of men have been classified according
to whether they are formed with a member of the HRW. The number of partnerships of men that were
not formed with a member of the HRW equals the number of partnerships of women.

Scenario 2: Men overestimate and women underestimate
There is evidence that men overestimate their number of sexual partners. This could be due to: 1) a
higher frequency of "rounding up" the lifetime number of partner when estimating a high number (e.g.,
rounding up 26 partners to 30), 2) social desirability for men to have many partners (e.g., prestige as-
sociated with having many sexual partners), 3) inclusion of non-intercourse partners in the count (e.g.,
oral sex only partners). Similarly, there is evidence that women underestimate their number of sexual
partners and the most plausible explanation for this would be social desirability. For both men and
women, the reporting bias may have changed with the evolution of social norms and attitudes toward
sex.

In Scenario 2, we assumed that men overestimating and women underestimating are together respon-
sible in equal parts for about 50% of the discrepancy in lifetime number of partners. The remaining
of the discrepancy is explained by the under-sampling and under-reporting of a core group of women
as explained in Scenario 1.
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To determine which men overestimated their number of lifetime partners, we used data from NSFG
on sex partners that include oral and anal sex partners asked in the Audio Computer-Assisted Self-
Interviewing (ACASI) section to fit a model identifying men who report a lower lifetime number of
partners in the ACASI section compared to the Computer-Assisted Personal Interview (CAPI) section.
A lower number on the ACASI section, which includes more sexual acts, is assumed to be caused by
either a more precise (re)estimation of the lifetime number partners or a more truthful answer under
less social pressure. We also fitted a negative binomial model of the difference between the ACASI
report and the CAPI report to estimate the magnitude of the overestimation. Using these two models,
we identified men from the model population with overestimated lifetime number of partners and we
determined their real lifetime number of partners. The extra partnerships were removed randomly
(only non-cohabiting partnerships were removed). Since we could not thus remove enough partner-
ships, we reselected new men by sampling according to their likelihood of having overestimated their
lifetime number of partners iteratively until we reached the quota (25% of the discrepancy).

We proceeded analogously for women, using this time a positive difference between the ACASI re-
port of the lifetime number of intercourse partners in NSFG 95 and the CAPI report. The resulting
correction of the distribution of lifetime number of sexual partners is presented in Technical Appendix
C.8.

Scenario 3: Men overestimate
In scenario 3, we assumed only men were overestimating. We proceeded otherwise as in Scenario 2.
Around a third of the discrepancy in lifetime number of partners was explained by men overestimating.
The remaining excess of partnerships was absorbed by the HRW.

B.10 Step 5: Who mixes with whom: non-cohabiting partnerships

B.10.1 Overview

The dates of non-cohabiting partnerships were recorded independently in both men’s and women’s
sexual history. To determine sexual mixing, these records of men and women need to be merged.
For partnerships in which both partners are inside the population, we determined the exact date of the
sexual partnerships from the women’s records, and we allowed the dates of the partnerships recorded
in the men’s sexual history to be flexible within a period (defined using the start and end of each co-
habitation). There is an exception to this for first-sex partnerships of men.

We distinguished two types of non-cohabiting partnerships recorded in the sexual history of women:
1) partnership with a man inside the model population: a white man between 12 and 44 years old and
born between 1850-1999, 2) partnership with a man outside of the model population.

For every non-cohabiting partnership recorded in the sexual history of women with a man inside
the model population, we determined which of the men the partner was. For every such partnership,
the following characteristics were known and recorded in the woman sexual history: 1) age of male
partner 2) date of partnership. Using this information and the information recorded in men’s sexual
history, we first determined the level of sexual activity of the male partner. We then identified all men
that were eligible to have had this non-cohabiting partnership and sampled one man among them.

For partnership with men outside the model population, we only identified the level of sexual activity
of the male partner.
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B.10.2 Level of sexual activity of the male partner

We classified the men into four classes of lifetime number of partners: 1 − 4, 5 − 10, 11 − 20,
≥ 21. Then, we estimated the probabilities that the male partner belongs to each of the four classes.
To do this, we used information on every non-cohabiting partnership recorded in all the men’s sexual
histories. We fitted three logistic regression models to determine class membership of the male partner
of a given non-cohabiting partnership. For all three models, the predictors were: the difference in age
between the partners, the age of the male partner at date of partnership, and the birth year.

B.10.3 Eligibility of male partners

For a given non-cohabiting partnership of a woman, we first identified, for every man, during which
of the 17 periods (see B.2.4) the partnership occurred. Then, we identified all men who had a non-
cohabiting partnership with a woman inside the model (outside HRW) recorded during the identified
period, and who had the same age at the time of the partnership as the age of the male partner recorded
in the woman’s sexual history. We sampled randomly a man among all these men. For the sampling,
we used as weights for each man the number of non-cohabiting partnership still unassigned to a
woman within the period divided by the number of months remaining in the period. If no men could
be found, we randomly picked another class of sexual activity for the man. If still no men could be
found, we progressively increased the range of eligible ages of the male partner until at least one man
could be found.

B.10.4 Non-cohabiting partnership recorded in the sexual history of men

We distinguished four types of non-cohabiting partnerships for men: 1) non-paid partnerships to be
assigned through the sexual history of women as described in B.10.3, 2) partnerships with a woman
outside the model but not in the HRW group, 3) partnerships to be assigned with the HRW group, 4)
first-sex-partnerships that occurs with women inside the model population (outside HRW).

For first-sex-partnerships, the exact date of the partnership is informed by empirical data (i.e., the
age at first sex), so we aimed to preserve the exact date of the first partnership for these men. This
is not the case for partnerships in 1) that are assigned through the sexual history of women, as the
date of these partnerships may end up not exactly fitting the recorded date in the men’s sexual history.
Hence, for first-sex-partnership that occurs with women inside the model population, we identified
eligible women and picked one. For 2) partnerships with HRW, we identified eligible women among
HRW and picked one. For 3) non-paid partnerships with women outside the model population, we
only determined the level of sexual activity of the female partner.

Eligibility of female partners for first-sex-partnerships

For a given non-cohabiting first-sex-partnership of a man, we identified all woman who had a non-
cohabiting partnership recorded at the exact date of the partnership with a man inside the model, and
who had the same age at the time of the partnership as the age of the female partner recorded in the
man’s sexual history. Among the remaining eligible women, we chose the one for whom the recorded
age of the male partner was the closest to the actual age of the male. If no woman could be found, we
changed the first-sex-partnership to be with a HRW.
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Eligibility of HRW partners

For a given non-cohabiting partnership of a man with a HRW, we identified all HRW who had a
non-cohabiting partnership recorded at the exact date of the partnership with a man inside the model
population, and who had the same age at the time of the partnership as the age of the female partner
recorded in the man’s sexual history. Among the remaining eligible women, we chose one randomly.
If no woman could be found, we progressively increased the range of eligible ages of the female
partner until at least one woman could be found.

Level of sexual activity of the female partner outside the model population

For partnerships with female partners outside the model population but not in the HRW group, we
estimated the probabilities that the female partner belonged to each of the four classes of sexual
activity. To do this, we used information on every non-cohabiting partnership recorded in the women’s
sexual history. We fitted three logistic regression models to determine class membership of the female
partner of a given non-cohabiting partnership. For all three models, the predictors were: the difference
in age between the partners, the age of the male partner at the date of partnership, and the birth year.
Thus, if a man had a partnership with a non-white female, it was assumed that the female partner had
the same level of sexual activity as if she had been white. If a man had a partnership with a women
aged more than 44 years old, it was assumed that the female partner had the same level of sexual
activity as a 44 years old female would have had (a 44 years old female with a younger man, because
the age difference between partners was kept the same).

B.11 Step 6: Complete the profile of sexual history for men

For partnerships with females inside the model population except the first one, the dates of partner-
ships are given by the female partner’s sexual history. For all other partnerships, the dates remain the
same as the ones determined in Step 4.

B.12 Individual-based dynamic model of STI transmission

B.12.1 Overview

The model follows a Susceptible→ Infected→ Recovered/Susceptible structure. Hence, individuals
are born susceptible and can acquire the infection through a sexual partnership with someone infected.
Once infected, the duration of infection is determined by an exponential random variable with mean
equals to the average duration of infection. Upon clearing the infection, the individual may acquire
natural immunity according to a probability of acquiring natural immunity. Else, the individual be-
comes susceptible again after clearing the infection. There are two sites of infection: the genital and
oral sites.

B.12.2 Transmission and partnerships

All partnerships are assumed to be instantaneous for the purpose of transmission. This means that
once a partnership occurs between an infected and a susceptible, a Bernoulli trial is made to determine
whether transmission occurs according to a probability of transmission per instantaneous partnership.
Transmission to the genital site occurs in a partnership in which the infected individual has a genital
infection and the susceptible individual has no genital infection. Transmission to the oral site occurs in
a partnership in which the infected individual has a genital infection and the susceptible individual has
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no oral infection. We are thus modeling two transmission pathways: genital→ genital and genital→
oral.

As before, we distinguished two types of partnerships: 1) partnerships between two individuals within
the model population (white, aged 12-44 years old, born between 1850 and 1999) 2) partnerships in
which at least one of the individual is outside the model population.

For the partnerships of type 2), we cannot directly tell whether the partner outside the model pop-
ulation is infected or not. However, we have recorded the following information on every partner
outside the model population: age, year of birth, and class of sexual activity (1− 4, 5− 10, 11− 20,
≥ 21 lifetime number of partners). Based on these characteristics, we estimated the probability that
the partner outside the model population was infected. To do this, we used the prevalence of infection
in the subgroup to which belongs the partner. For a partner aged more than 44 years old, we used the
prevalence of infection in the same birth cohort and sexual activity class as the partner but at age 44
years old. We are thus assuming that prevalence of infection remains stable after 44 years of age. For
a partner aged less than 12 years old, we used the prevalence among those aged 12 years old. For a
partner that is not white, we used the prevalence of infection among whites in the same birth cohort,
same age, and same sexual activity class as the partner. Hence, we are assuming that given a birth
cohort, age and level of sexual activity, the prevalence of infection is the same regardless of the race.
In all previous cases, the prevalence is calculated only among individuals who will form a partnership
during the month of occurrence of the type 2) partnership to avoid selection bias.

B.12.3 Scenarios of transmission

We considered three scenarios regarding transmission of HPV. In the first scenario uni-site, HPV is
only transmitted to the genital site. Hence, there is a single parameter of transmission: the probabil-
ity of genital→genital transmission per partnership. In the second scenario multi-site with oral sex,
HPV can be transmitted to both the genital and oral sites. There are two parameters of transmission,
the probability of genital→genital transmission per partnership, and the probability of genital→oral
transmission per partnership in which oral sex is practiced. Hence, in this scenario, the only way
to acquire oral HPV is to perform oral sex on someone infected at the genital site. In the third and
last scenario multi-site without oral sex, HPV can be also be transmitted to the genital and oral sites.
There are again two parameters of transmission, the probability of genital→genital transmission per
partnership, and the probability of genital→oral transmission per partnership (regardless of whether
oral sex is practiced in the partnership). Hence, in this scenario, oral HPV is acquired through sexual
intercourse with someone infected at the genital site.

B.12.4 Calibration of transmission probabilities

Calibration was performed separately for each of the possible combination of scenarios (Uni-site,
multi-site with oral sex, multi-site without oral sex, High-risk group, Report bias men & women,
Report bias men only). Calibration was also performed separately for the probability of genital→
genital transmission and the probability of genital→oral transmission. This was possible because
the former probability generates the genital HPV16 prevalence while the latter probability generates
the oral HPV16 prevalence. Calibration was performed by the bisection algorithm, testing values
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between 0 and 1 for the probabilities of transmission and minimizing the mean absolute error over 5
simulations.

B.13 Transition to oropharyngeal and cervical cancers

We used SEER incidence data to fit the parameters of transition from infection to cervical and oropha-
ryngeal cancers for each of the 20 simulations per scenario (180 total simulations). We first obtained
the mean and standard deviation of the time from infection to cervical cancer. To do this, we used
as targets the incidence of HPV16-positive cervical SCC between 2004 and 2008 in the following
age groups: [20,25[, [25,30[, [30,35[, [35,40[, [40,45[, [45,50[ years. We performed the calibration
for each of the 20 simulations by testing parameter values of the mean time from infection to cancer
between 20 and 50 years, and values of the standard deviation of the time from infection to cancer
between 1 and 20. We then minimized the mean squared error. We then fitted the probability of a
newly acquired infection transitioning to cervical cancer to the incidence of HPV16-positive cervical
SCC between 1973 and 1975, during which the impact of cervical cancer screening would be the least
(1973 is the minimum year of the SEER data). To obtain the targets of HPV16-positive cervical inci-
dence, we assumed a proportion of HPV16-positive cervical SCC of 0.54 based on a meta-analysis223.
The proportion of HPV16-positive cervical SCC was assumed to be constant, i.e., independent from
calendar time.

To obtain the mean and standard deviation of the time from infection to oropharyngeal cancer, we
used as targets the incidence of HPV16-positive oropharyngeal SCC between 2004 and 2008 in the
following age groups: [20,25[, [25,30[, [30,35[, [35,40[, [40,45[, [45,50[, [50,55[, [55,60], [60,65[. We
performed the calibration as described for cervical cancer. We then fitted the probability of an infec-
tion transitioning to oropharyngeal cancer to the incidence of HPV16-positive oropharyngeal cancer
between 1984 and 1985. The proportion of HPV16-positive SCC between 2004 and 2008 was ob-
tained from a meta-analysis3. The proportion of HPV16-positive oropharyngeal cancer between 1984
and 2004 was obtained from a study16 in which the proportion of HPV16-positive oropharyngeal SCC
is estimated by DNA typing frozen cancer specimens between 1984 and 2004. We also extrapolated
the results from this study by assuming that the proportion of HPV16-positive oropharyngeal SCC
between 1973 and 1983 was the same as in 1984, and the proportion after 2004 was the same as in
2004. We thus have estimated the incidence of HPV16-positive oropharyngeal SCC from 1973 to
2015.

B.14 Projection of HPV16-positive oropharyngeal cancer incidence up
to 2045

We estimated the incidence of HPV16-positive oropharyngeal cancer from 1985 to 2045. To obtain
the incidence between 2015 and 2045, we restricted the population to men aged more than 50 years
old. This is because younger men between 2015 and 2045 may not be in the model population which
includes cohorts born before 2000. Because HPV transmission is simulated up to 2015, it was also
necessary to extrapolate incidence of HPV infection between 2015 and 2045 in men. To extrapolate,
we assumed that the age-specific incidence of HPV infection remained the same from 2015 to 2045
as in 2015. Of note, the great majority of oropharyngeal cancers in men aged more than 50 years old
will stem from infection that were contracted before 2015 (and thus were not extrapolated) since the
mean time from infection to cancer is around 40 years.
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Technical appendix. Impact of changes in
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C.1 Women’s sexual history for birth cohorts born between 1945 and
1999

Definitions
Variables
A current age
T0 time since first intercourse
T1 time since start of current cohabitation
T2 time since end of last cohabitation
A0 age at first intercourse
A1 age at start of current/last cohabitation
A2 age at end of last cohabitation
D duration of previous cohabitation
C lifetime number of cohabitations
B year of birth
Transformations
tA piece-wise linear decomposition with knots at 14, 16, 18, 20, and 24 years old
rA piece-wise linear decomposition with knots at 16, 18, 20, 24, 30, and 37 years old
gT piece-wise linear decomposition with knots at 1/12, 1, 3, 5, and 8 years
gB piece-wise linear decomposition with knots at 1950, 1963, 1975, and 1988
gA piece-wise linear decomposition with knots at 16, and 20 years old
gD piece-wise linear decomposition with knots at at 5 years
hT piece-wise linear decomposition with knots at 1, 3, 5, 8, and 15 years
hA piece-wise linear decomposition with knots at 16, 20, 25, and 30 years old
sA piece-wise linear decomposition with knots at 30 years old

Table C.1 – Definitions of variables and transformations used to describe the models of the date
of first intercourse and cohabitations

C.1.1 Date of first intercourse

The model formulation for date of first intercourse is:

log
( 1
λ(A,B)

)
= f(β0,β,A,B)

where 1
λ(A,B) is the age- and birth year- dependent average time to first intercourse and f a transfor-

mation of age and birth year, and β is the vector of parameters.

f(β0,β,A,B) = β0 + β · (tA(A)× gB(B))

Figure C.1 presents the fit of the model to the NSFG data by birth year. Table C.1 gives the definition
for the variables and transformations used for the models of the date of first intercourse and the dates
of cohabitations.
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C.1.2 Dates of cohabitations

The models formulations for dates of cohabitation are:

log

( 1
λ(predictors)

)
= f(β,predictors)

where λ is the rate of initiation or separation which depends on the predictors, β is the vector of
parameters. Rates are applied to at-risk person-time. For instance, rates of initiation of second cohab-
itation are applied only to individuals who have not yet entered their second cohabitation but have left
their first cohabitation.

There is an exception for the initiation of the first cohabitation to allow the cohabitation to occur si-
multaneously with first intercourse. Thus, we also fit a logistic model for the probability of initiating
cohabitation when first intercourse occur.

ModelAF S :
logit (P ) = β0 + β · (gB(B)× tA(A0))

First cohabitation: initiation

ModelCOHINIT1:

f(β0,β,B,A) = β0 + β · (gB(B)× rA(A))

This model yields the number of cohabitations for each month of age. To determine the count of new
cohabitations conditional on age at first sex, we used cox regressions.

log (λ(t,A,A0)) = λ0(t) + β · (rA(A)× tA(A0))

We fitted one such model for four categories of birth year (1945− 1958, 1958− 1971, 1971− 1983,
1983 − 1999). This process was exceptionally done for the first cohabitation to "break down" the
models in two parts because of memory issues when fitting directly the full model.

First cohabitation: separation

Model COHSEP1:

f(β0,β,A1,B,T1) = β0 + β · (hT (T1)× gB(B)× hA(A1))

Separate models are fitted for three categories of age at first sex (12− 16 years old, 17− 18 years old,
and 19− 44 years old).

Second cohabitation: initiation

Model COHINIT2:

f(β0,β,T2,B,A1, A2) = β0 + β · (gT (T0)×B × tA(A1)× sA(A2))

Separate models are fitted for three categories of age at first sex (12− 16 years old, 17− 18 years old,
and 19− 44 years old) and three categories of birth year (1945− 1958, 1958− 1975, 1975− 1999).
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Second cohabitation: separation

Model COHSEP2:

f(β0,β,A1,B,T1,D) = β0 + β · (hT (T1)× hA(A1)×B × gD(D))

Separate models are fitted for three categories of age at first sex (12− 16 years old, 17− 18 years old,
and 19− 44 years old) and three categories of birth year (1945− 1958, 1958− 1975, 1975− 1999).

Third to eighth cohabitation: initiation

Model COHINIT3:

f(β0,β,C,T2,B,A1,A2) = β0 + β · (gT (T0)×B × tA(A1)× sA(A2))

Separate models are fitted for three categories of age at first sex (12− 16 years old, 17− 18 years old,
and 19− 44 years old) and three categories of birth year (1945− 1958, 1958− 1975, 1975− 1999).

Third to eighth cohabitation: separation

Model COHSEP3:

f(β0,β,A1,B,T1,D) = β0 + β · (hT (T1)× hA(A1)×B × gD(D))

Separate models are fitted for three categories of age at first sex (12− 16 years old, 17− 18 years old,
19− 44 years old) and three categories of birth year (1945− 1958, 1958− 1975, 1975− 1999).
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Model fit figures

Figure C.1-C.8 presents the fit of the model to the NSFG data by birth year.
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Figure C.1 – Distributions of age at first intercourse for women by birth cohort: model simula-
tions vs NSFG data
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Figure C.2 – Distributions of age at first cohabitation for women by birth cohort: model simula-
tions vs NSFG data
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Figure C.3 – Distributions of number of cohabitations by age for women born between 1945 and
1954: model simulations vs NSFG data. 3+ means three or more.
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Figure C.4 – Distributions of number of cohabitations by age for women born between 1955 and
1964: model simulations vs NSFG data. 3+ means three or more.
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Figure C.5 – Distributions of number of cohabitations by age for women born between 1965 and
1974: model simulations vs NSFG data. 3+ means three or more.
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Figure C.6 – Distributions of number of cohabitations by age for women born between 1975 and
1984: model simulations vs NSFG data. 3+ means three or more.
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Figure C.7 – Distributions of number of cohabitations by age for women born between 1985 and
1999: model simulations vs NSFG data. 3+ means three cohabitations or more.

157



20

25

30 35 40

20

25

30

35 40

20

25

30

35 40

20

25

30 35

20

25

Birth year

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

1945−1954 1955−1964 1965−1974 1975−1984 1985−1999

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
: Model 

: Data 

20, 25, 30, 35, 40 : Age (years) 

Figure C.8 – Proportion of the population cohabiting for women by age and birth cohort: model
simulations vs NSFG data

158



C.1.3 Dates of non-cohabiting sexual partnerships

Lifetime number of non-cohabiting sexual partnerships

Table C.2 gives the definitions for the variables and transformations for the model of lifetime number
of non-cohabiting sexual partnerships.

Definitions
Variables
A current age
A0 age at first intercourse
M0 number of months between first intercourse and first cohabitation
M1 number of months spent outside a cohabitation after the first cohabitation

M2

number of months spent outside a cohabitation after the first intercourse
weighted proportionally by age
(a month at 20 years old is worth twice a month at 40 years old)

C lifetime number of cohabitations
B year of birth
Transformations
tA piece-wise linear decomposition with knots at 20, 25, 30, and 38 years old
rA piece-wise linear decomposition with knots at 14, 16, 18, and 22 years old
tM piece-wise linear decomposition with knots at 1, 30, and 70 months
rM piece-wise linear decomposition with knots at 30, and 70 months
tB piece-wise linear decomposition with knots at 1950, 1963, 1975, and 1988 years
tC piece-wise linear decomposition with knots at at 1, 2, and 4 cohabitations

Table C.2 – Definitions of variables and transformations used to describe the models of the life-
time number of non-cohabiting sexual partnerships

Model LF NP 1:
Model LFNP1 is a logistic model used to split individuals into two classes, either 0 − 10 or 11+
lifetime non-cohabiting sexual partnerships. Four models are fitted for four categories of A (≥ 38,
30−37, 20−29, and 12−19 years old).The vector of parameters β is omitted when its role is obvious
in the model formulation. The logit of the expected response for each model are:

≥ 38

logit(E(response)) =rA(A0)× tM (M0)×M2 × rM (M1)+
rM (M0)× rM (M1)×M2 × tC(C)×A+ (rM (M0) + rM (M1))× tB(B)×A
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30− 37

log(E(response)) =rA(A0)× rM (M0)×M2 × rM (M1)+
rM (M0)× rM (M1)×M2 × tC(C)×A+ (rM (M0) + rM (M1))× tB(B)×A

20− 29

log(E(response)) =(rA(A0))× (rM (M0))× (M2)× (rM (M1))+
(rM (M0))× (rM (M1))× (M2)× (tC(C))×A+ (rM (M0) + rM (M1))× (tB(B))×A

12− 19

log(E(response)) = rA(A0)×M0 ×M1 ×M2 + C ×M0 ×B ×A

Models LF NP W 2, LF NP W 3 , and LF NP W 4

Models LFPNW2, LFPNW3 and LFPNW4 are logistic models used to split individuals into
two classes, either 0− 2 or 3− 10 for Model LFPN2, either 11− 40 or 41+ for Model LFPNW3,
either 0 or 1− 2 for Model LFPNW4. The logit of the expected response for these models are:

logit(E(response)) =rA(A0)× rM (M0)×M2 × rM (M1)+
rM (M0)× rM (M1)×M2 × tC(C)×A+ (rM (M0) + rM (M1))× tB(B)×A

Model LF NP W 5

Model LFPNW5 is a logistic model used to split individuals into two classes, either 1 or 2 lifetime
non-cohabiting sexual partnerships. The logit of the expected response for the model is:

logit(E(response)) =rA(A0)× rM (M0)×M2 × rM (M1)+
(rM (M0) + rM (M1))× tC(C)×A+ (rM (M0) + rM (M1))× tB(B)
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Models LF NP W 6, and LF NP W 7

Models LFPNW6 and LFPNW7 are truncated negative binomial regression models used to assign
a number of non-cohabiting sexual partnerships between 3 and 10, and between 11 and 40 respectively.
The negative binomial distributions are normalized at 0 by subtracting 3 and 11 and right-truncated at
7 and 29 respectively. The log of the expected response for the models are:

log(E(response)) =rA(A0)× rM (M0)×M2 × rM (M1)+
(M0 +M1)× tC(C)× tB(B)

Model LF NP W 8

Model LFPNW8 is a power law regression model used to assign a number of non-cohabiting sex-
ual partnerships between 41 and 1000 (around the maximum value observed for lifetime number of
partners in all the databases). The model has no predictors.

Period of non-cohabiting sexual partnerships

Table C.3 gives the definitions for the variables and transformations for the model of the period of
non-cohabiting partnership acquisition.
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Definitions
Variables & Classes
Nj number of months spent in period j
Aj weights for non-cohabiting partnerships acquisition for every year of age
B year of birth
NC lifetime number of non-cohabiting partnerships
Class1 individuals with 1 non-cohabiting partner
Class2 individuals with 2− 3 non-cohabiting partner
Class3 individuals with 4− 7 non-cohabiting partner
Class4 individuals with 8 or more non-cohabiting partner
Transformations

s0

Class1: transformation in a single continuous variable
with bounds at 4, 21, and 39 months
Class2: transformation in a single continuous variable
with bounds at 14, 31, and 51 months
Class3: transformation in a single continuous variable
with bounds at 17, 33, and 57 months
Class4: transformation in a single continuous variable
with bounds at 18, 41, and 72 months

t0

Class1: transformation in a single continuous variable
with bounds at 48, 135, and 226 months
Class2: transformation in a single continuous variable
with bounds at 23, 75, and 155 months
Class3: transformation in a single continuous variable
with bounds at 27, 67, and 131 months
Class4: transformation in a single continuous variable
with bounds at 12, 40, and 89 months

s1

Class1: transformation in a single continuous variable
with bounds at 18, and 74 months
Class2: transformation in a single continuous variable
with bounds at 20, and 52 months
Class3: transformation in a single continuous variable
with bounds at 23, and 72 months
Class4: transformation in a single continuous variable
with bounds at 9, and 53 months

Table C.3 – Definitions of variables and transformations used to describe the models of the period
of non-cohabiting sexual partnerships

The models all have the form:

Wj =
Nj∑
i=1

exp(fj(βj ,predictors))

fj is a piecewise-linear function, and βs are parameters to be estimated.

162



For those with less than 8 non-cohabiting partnerships,

f0 = β00 + β10s0(N0)
f1 = β01 + β11t0(N1)

f2j = β02 + β12s1(N2j)
f2j+1 = β01 + β11t0(N2j+1)

For those with 8 or more non-cohabiting partnerships, f0 is different:

f0 = β00 + β10s0(N0) + β′10log(NC)
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Model fit figures

Figures C.9-C.12 present the fit of the model to the NSFG data by birth year. In all the figures, each
individual in the NSFG data was matched for age and birth year with around 200 eligible model
agents. The lifetime number of partners at the maximum age (i.e., 44 or 2015−Birthyear) depends
on the models described in C.1.3. However, the lifetime number of partners before maximum age is
an extrapolation that depends on the models described in C.1.3: the NSFG data are not used to inform
this extrapolation.
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Figure C.9 – Distributions of lifetime number of sexual partnerships for women by birth cohorts:
model simulations vs NSFG data. 21+ means 21 or more.
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Figure C.10 – Distributions of lifetime number of sexual partnerships by age for women born
between 1955 and 1964: model simulations vs NSFG data. 21+ means 21 or more.

0
1−

2
3−

5
6−

10
11

−
20

21
+

0
1−

2
3−

5
6−

10
11

−
20

21
+ 0

1−
2

3−
5

6−
10

11
−

20
21

+

0
1−

2 3−
5

6−
10

11
−

20
21

+

0
1−

2 3−
5

6−
10

11
−

20
21

+

0
1−

2
3−

5
6−

10
11

−
20

21
+

Age (years)

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

15−20 21−25 26−30 31−35 36−40 41−44

0.0

0.1

0.2

0.3

0.4

0.5

: Model 

: Data 

0, 1−2, 3−5, ... : Number of sexual partners 

Figure C.11 – Distributions of lifetime number of sexual partnerships by age for women born
between 1965 and 1974: model simulations vs NSFG data. 21+ means 21 or more.
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Figure C.12 – Distributions of lifetime number of sexual partnerships by age for women born
between 1975 and 1984: model simulations vs NSFG data. 21+ means 21 or more.
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C.2 Women’s sexual mixing with men for birth cohorts born between
1945 and 1999

C.2.1 Cohabitation partners

Race of male partner

Definitions
Variables
Aw age of wife at start of cohabitation
B year of birth
L length of cohabitation
C lifetime number of cohabitations
LP lifetime number of sex partners
Transformations
tB piece-wise linear decomposition with knots at 1958, and 1975 years

tL

categorization as: ongoing cohabitation of < 8 years,
cohabitation that ended after [0,2], ]2,5], [5,8[ years,
cohabitation ongoing or not of duration > 8 years

tLP categorization as 1− 2, 3− 10, 11− 40, and 41+ partners
tAw piece-wise linear decomposition with knots at 20, 25, and 35 years

Table C.4 – Definitions of variables and transformations used to describe the models of the race
of the male cohabiting partner

Models RCP W 1 − RCP W 3

Models RCPW1−RCPW3 are logistic models used to determine if the race of the partner is White
or not, Black or not given that the partner is not White, Hispanic or not given that the partner is neither
Black nor White respectively. The logit of the expected response for the model is:

logit(E(response)) =tB(B)× tLP (LP )× tAw(Aw) + C × tL(L)
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Age of male partner

Definitions
Variables
Aw age of woman at start of cohabitation
Am age of man at start of cohabitation
B year of birth
L length of cohabitation
C lifetime number of cohabitations
LP lifetime number of sex partners
Transformations
tB piece-wise linear decomposition with knots at 1950, 1963, 1975, and 1988 years

tL

categorization as: ongoing cohabitation of < 8 years,
cohabitation that ended after [0,2], ]2,5], [5,8[ years,
cohabitation ongoing or not of duration > 8 years

tLP piece-wise linear decomposition with knots at 2, 5, 10, and 20 partners
tAw piece-wise linear decomposition with knots at 20, 25, and 35 years

Table C.5 – Definitions of variables and transformations used to describe the models of the age
of the male cohabiting partner

Model ACP W 1

Model ACPW1 is a logistic regression model used to determine if the value of Am − Aw is higher
than 25. The logit of the expected response for the model is:

logit(E(response)) =tAw(Aw)× tB(B) + tL(L) + C × tLP (LP )× tB(B)

Model ACP W 2

Model ACPW2 is a gamma regression model used to determine the value of Am −Aw if it is higher
than 25. The response is normalized to 0 by subtracting 25. The log of the expected response for the
model is:

log(E(response)) =tAw(Aw)× tB(B) + tL(L) + C × tLP (LP )× tB(B)

Model ACP W 3
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Model ACPW3 is a regression of a mixture of two normal laws used to determine the value of
Am−Aw if it is lower than 25 years. Four models are fitted for four categories of Aw (≥ 35, 27− 34,
20− 26, 12− 19 years old). The log of the expected response for the normal regression model is:

log(E(response)) =tAw(Aw) + tB(B)

The logit of the expected response for the mixture logistic model is:

logit(E(response)) =tB(B)× C + tL(L) + tLP (LP )×B

Model fit figures
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Figure C.13 – Distributions of the difference between the age of male partner and the age of
the female partner for women in cohabitations by birth year: model simulations vs NSFG data.
Women from NSFG were matched for age at start of cohabitation and birth year to women from the
model.
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Definitions
Variables
Aw age of woman at start of partnership
Am age of man at start of partnership
B year of birth
A0 age at first sex
Am0 age of male partner at woman’s first sex
A1 age at interview
C lifetime number of cohabitations
LP lifetime number of sex partners
Transformations
tA piece-wise linear decomposition with knots at −1, 1, 3, and 8 years

tL

categorization as: ongoing cohabitation of < 8 years,
cohabitation that ended after [0,2], ]2,5], [5,8[ years,
cohabitation ongoing or not of duration > 8 years

tLP piece-wise linear decomposition with knots at 2, 10, and 40 partners
tB piece-wise linear decomposition with knots at 1950, 1963, 1975, and 1988 years
sA piece-wise linear decomposition with knots at 16, and 20 years
rA piece-wise linear decomposition with knots at 16, 25, and 35 years

Table C.6 – Definitions of variables and transformations used to describe the models of the age
of the male non-cohabiting partner

C.2.2 Non-cohabiting partners

Age of male partner

Model AP W 1

Model APW1 is a regression of a mixture of two normal laws used to determine the value of
Am0 − A0. Four models are fitted for four categories of A0 (≥ 38, 30 − 37, 20 − 29, and 12 − 19
years old). The log of the expected response for the mean of the normal laws is:

log(E(response)) =sA(A0)

The logit of the expected response for the mixture logistic model is:

logit(E(response)) =tB(B)×A0 + tLP (LP )×A1 × C

Model AP W 2
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Model APW2 is a logistic regression model used to determine if the absolute value of Am − Aw is
higher than 15. The logit of the expected response for the model is:

logit(E(response)) =rAw(Aw) + rA1(A1)× (A1 −Aw)× C × tLP (LP ) + tA(Am0 −A0)× sA(A0)

Model AP W 3

Model APW3 is a logistic regression model used to determine if the value of Am−Aw is higher than
0 conditional on the absolute value being higher than 15. The logit of the expected response for the
model is:

logit(E(response)) =Aw

Model AP W 4 and AP W 5

ModelAPW4 andAPW5 are two gamma regression models used to determine the value ofAm−Aw
if the absolute value is higher than 15. ModelAPW4 andAPW5 are for positive and negative values
of Am − Aw respectively. The response is normalized to 0 by multiplying by −1 for negative values
and by subtracting 15. The log of the expected response for the model is:

log(E(response)) =Aw

Model AP W 6

ModelAPW6 is a regression of a mixture of two normal laws used to determine the value ofAm,−Aw
if the absolute value is lower than 15 years. Three models are fitted for three categories of Aw (≥ 35,
25− 35, and 12− 24 years old). The log of the expected response for the mean of the normal laws is:

log(E(response)) =rA(Aw)

The logit of the expected response for the mixture logistic model is:
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logit(E(response)) =A1 × (A1 −Aw)× tLP (LP )× C + tA(Am0 −A0)× sA(A0)

Model fit figures
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Figure C.14 – Distributions of the difference between the age of male partner and the age of the
female partner for women for non-cohabitation partnerships: model simulations vs NSFG data.
Women from NSFG were matched for age at start of partnership, birth year, and lifetime number of
sexual partners to women from the model.
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C.3 Incomplete profile of men’s sexual history for birth cohorts born
between 1945 and 1999

C.3.1 Number of cohabitations

Definitions
Variables
A current age
A0 age at first intercourse
M0 number of months between first intercourse and first cohabitation
M1 number of months spent outside a cohabitation after the first cohabitation

M2

number of months spent outside
a cohabitation after the first intercourse
weighted proportionally by age (a month at 20 years old is worth
twice a month at 40 years old)

C lifetime number of cohabitations
B year of birth
Transformations
tA piece-wise linear decomposition with knots at 20, 25, 30, and 38 years old
rA piece-wise linear decomposition with knots at 14, 16, 18, and 22 years old
tM piece-wise linear decomposition with knots at 1, 30, and 70 months
rM piece-wise linear decomposition with knots at 30, and 70 months
tB piece-wise linear decomposition with knots at 1950, 1963, 1975, and 1988 years
tC piece-wise linear decomposition with knots at at 1, 2, and 4 cohabitations

Table C.7 – Definitions of variables and transformations used to describe the models of the life-
time number of cohabitations

The log of the response for the logistic and negative binomial models were all given by:

log(E(response)) =gA(A)× gM (B)

where A is current age, B is year of birth, gA is a piece-wise linear decomposition with knots at 20,
30, and 40, gM is a piece-wise linear decomposition with knots at 1950, 1963, 1975, and 1988 years.

173



C.3.2 Number of non-cohabiting sexual partnerships

Definitions
Variables
A current age
B year of birth
C lifetime number of cohabitations
L length of each cohabitation
AC age at first cohabitation
Transformations
tA piece-wise linear decomposition with knots at 18, 20, 30, and 40 years old
tB piece-wise linear decomposition with knots at 1950, 1975, and 1988 years
tC categorical decomposition as 0, 1, 2, > 3 cohabitations

tL

mean length of cohabitations
with each length transformed in a single continuous variable
with bounds at 0.5, 1, 5, 10, 20

tAC transformation in a single continuous variable with bounds at 0.5, 1, 5, 10, and 20

sL

maximum length of cohabitations
with each length transformed in a single continuous variable
with bounds at 20, 25, and 35

sA piece-wise linear decomposition with knots at 20, 30, and 40 years old

Table C.8 – Definitions of variables and transformations used to describe the models of the life-
time number of non-cohabiting sexual partnerships

Model LF NP M1
Model LFNPM1 is a logistic model used to split individuals into two classes, either 0 or 1+ lifetime
non-cohabiting sexual partnerships. Data for this model includes only men who have never cohabited.
The logit of the expected response for the model is:

logit(E(response)) =tA(A)× tB(B)

Model LF NP M2
Model LFNPM2 are two logistic models used to split individuals into two classes, either 0 or 1+
lifetime non-cohabiting sexual partnerships. Data for the models includes only men who have cohab-
ited. The two models are for men ≤ 35 and > 35 years old. The logit of the expected response for the
model is:

logit(E(response)) =tA(A)× tB(B)× tC(C)× tL(L)

174



Model LF NP M3
Model LFNPM3 is a logistic model used to split individuals into two classes, either 1− 40 or 41+
lifetime non-cohabiting sexual partnerships. The logit of the expected response for the model is:

logit(E(response)) =sA(A)× tB(B)× (tL(L) + sL(L)) + tAC(AC)×B × C ×A

Model LF NP M4
Model LFNPM4 is a logistic model used to split individuals into two classes, either 1−10 or 11−40
lifetime non-cohabiting sexual partnerships. The logit of the expected response for the model is:

logit(E(response)) =sA(A)× tB(B)× tC(C)× tL(L)

Model LF NP M5
Model LFNPM5 is a logistic model used to split individuals into two classes, either 1− 3 or 4− 10
lifetime non-cohabiting sexual partnerships. The logit of the expected response for the model is:

logit(E(response)) =sA(A)× tB(B)× (tL(L) + sL(L)) + tAC(AC)×B × C ×A

Models LF NP M6 − LF NMP 7
ModelS LFNPM6−LFNMP7 are zero-inflated negative binomial models used to assign a number
of non-cohabiting sexual partnerships between 1 and 3, and between 4 and 10 respectively. The
distributions are normalized at 0 by subtracting 1 and 4 respectively.

log(E(response)) =sA(A)× tC(C) + tB(B)× tC(C)

Model LF NP M8
Model LFNPM8 is a logistic model used to split individuals into two classes, either 11 − 20 or
21− 40 lifetime non-cohabiting sexual partnerships. The logit of the expected response for the model
is:
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logit(E(response)) =sA(A)× tB(B)× tC(C)

Models LF NP M9 − LF NP M10
Model LFNPM9 − LFNPM10 are negative binomial models used to assign a number of non-
cohabiting sexual partnerships between 11 and 20, and between 21 and 40 respectively. The negative
binomial distributions are normalized at 0 by subtracting 11 and 21 respectively.

log(E(response)) =sA(A)× C + tB(B)× C

Model LF NP M11
Model LFNPM11 is a power law regression model used to assign a number of non-cohabiting
sexual partnerships between 41 and 1000 (around the maximum value observed for lifetime number
of partners in all the databases). The model has no predictors.

Correction for men born between 1945 and 1960

In the NHSLS data, the question asked to participants was:

“Now thinking about the time since your 18th birthday (again,including the recent past that you have
already told us about) how many female partners have you ever had sex with?"

There is also a question on partners before the 18th birthday. In both cases, the question doesn’t re-
fer to intercourse specifically. The same question is asked in the GSS surveys (they have a common
methodology having both been done by the National Opinion Research Center (NORC)). Hence, there
may be a problem in comparability between NSFG and NHSLS/GSS. Comparing the distribution of
lifetime number of partners for NHSLS (including sex partners before 18 years old) and NSFG for
the cohort born between 1957 and 1962 (aged around 32 years in NHSLS and 42 years in NSFG,
but this is adjusted for in the figure) in Figure C.15 we see that the tail of distribution is heavier in
NHSLS. We observe the same when comparing GSS with NSFG. This would make sense if people
with many intercourse partners also happen to have many non-intercourse partners such as oral sex
partners. To correct for that, we used data from NSFG on sex partners that include oral and anal sex
partners asked in the Audio Computer-Assisted Self-Interviewing (ACASI) section to fit two models.
The first model estimates the probability of having a higher number of partners declared in the ACASI
question compared to the Computer-Assisted Personal Interview (CAPI) question on intercourse only,
and the second model estimates the difference in the number of partners between the two answers.
We thus used these models to estimate the number of non-intercourse partners for participants in the
NHSLS.

logit(P (D > 0)) =gLP (LP )× gA(A)
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where D is the difference between the ACASI and CAPI responses. LP is the lifetime number of
partners in the ACASI question, gLP is a piece-wise linear decomposition with knots at 2, 5, 10, and
40. A is the age at interview and gA is a piece-wise linear decomposition with knots at 20, 30, and 40
years.

log(E(D − 1|D > 0)) =gLP (LP )× gA(A)

where D − 1 is assumed to have a negative binomial distribution if D > 0.
As Figure C.15 shows, the correction improves the fit, but the tail of the distribution for the NHSLS
data remains heavier. Hence, we cannot exclude the possibility of an overestimation of men with high
number of partners (> 20) for the older birth cohorts. We compare in Figure C.16 the final lifetime
number of partners of the men in the model with the data from the GSS on the number of sex partners
after the 18th birthday to verify that the trends are preserved.

Model fit figures
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Figure C.15 – Distributions of lifetime number of sexual partnerships for men born between 1957
and 1962: NHSLS data vs NSFG data. 21+ means 21 or more. Men from NSFG were matched for
age and birth year to men from NHSLS. The number of lifetime partners at younger age for the NSFG
participants by using their cohabitation history and the models described in section C.7.2
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C.3.3 Race of female cohabiting partner

Definitions
Variables
A current age
B year of birth
L length of cohabitation
S indicator for whether the cohabitation is ongoing or has ended
Transformations
tB piece-wise linear decomposition with knots at 1950, 1975, and 1988 years
tL categorization as [0,0.5], ]0.5,1], ]1,5], ]5,8], and 8+ years

Table C.9 – Definitions of variables and transformations used to describe the models of the race of the
female cohabiting partner

Models RCP M1 − RCP M3
Models RCPM1−RCPM3 are logistic models used to determine if the race of the partner is White
or not, Black or not given that the partner is not White, Hispanic or not given that the partner is neither
Black nor White respectively. The logit of the expected response for the model is:

logit(E(response)) =S × tL(L)× tB(B)

179



C.3.4 Age of female cohabiting partner

Definitions
Variables
A age of man at interview
Am age of man at start of cohabitation
Aw age of woman at start of cohabitation
B year of birth
L length of cohabitation
S indicator for whether the cohabitation is ongoing or has ended
LP lifetime number of sex partners
NC the number of cohabitations preceding the current cohabitation
Transformations
tB piece-wise linear decomposition with knots at 1962, and 1975 years
tL transformed in a single continuous variable with bounds at 1, 5, 10, and 20 years
tAm piece-wise linear decomposition with knots at 20, 25, and 35 years
tLP piece-wise linear decomposition with knots at 3, 10, and 20 partners
sL piece-wise linear decomposition with knots at 2, 3, and 4

Table C.10 – Definitions of variables and transformations used to describe the models of the age
of the female cohabiting partner

ModelACP M1
Model ACPM1 is a regression of a mixture of two normal laws used to determine the value of
Am − Aw. Four models are fitted for four categories of Am (≥ 35, 25 − 34, 20 − 24, and 12 − 19
years old). The log of the expected response for the normal regression model is:

log(E(response)) =tB(B)

The logit of the expected response for the mixture logistic model is:

log(E(response)) =A× tLP (LP )×NC × tL(L) +B × sL(tL(L))× S

C.4 Old Cohorts

C.4.1 Number of partnerships after 18 years old

The models are the same for both men and women, the models are the same as Model 1 and 3 to 11
from section C.3.2 except that the predictors are simply the year of birth transformed as two piece-
wise linear variables with knot at 1920. Of note, in older cohorts we cannot exclude a survivor bias
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(e.g., people with less sex partners living longer) or a stronger recall bias among these cohorts. Fits of
models that include age as a predictor support this.

C.4.2 Age at first marriage

The multinomial model has only the number of sex partners after 18 years of age as predictor. The
variable is categorized as 0− 2, 3− 5, 6− 10, 11− 40, and 41+.

Model fit figures
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Figure C.17 – Distributions of lifetime number of sexual partnerships for men by birth cohorts:
model simulations vs GSS data. 21+ means 21 or more. Men from GSS were matched for birth year
to men in the model.
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Figure C.18 – Distributions of lifetime number of sexual partnerships for women by birth co-
horts: model simulations vs GSS data. 21+ means 21 or more. Women from GSS were matched for
birth year to women in the model.
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C.5 Who mixes with whom (cohabitation)

C.5.1 Lifetime number of partners of the partner

Female and male partners outside the model population are given a category of lifetime number of
partners (1 − 4, 5 − 10, 11 − 20 and 21+). Male partner inside the model population also have
their lifetime number of partners category determined before the sampling of the male partner. To
determine the category of lifetime number of partners, we used three logistic models for men and
three logistic models for women.

Definitions
Variables
AD age difference: age of man minus age of woman
As age of participant at start of cohabitation
B year of birth
L length of cohabitation
LP lifetime number of sex partners
S indicator for whether the cohabitation is ongoing or has ended
T time since end of last cohabitation
Transformations
tB piece-wise linear decomposition with knots at 1962, and 1975 years
tL categorization as [0,1], ]1,5], [5,10], ]10,20] and 21+ years
tAs categorization as [0,20], ]20,25], ]25,35], 35+ years
tAD categorization as ≤ −6, ]− 6,− 3], ]− 3,− 1], ]− 1,1], ]1,3], ]3,8], and > 8 years
tLP categorization as 1− 4, 5− 10, 11− 20, and 21+ partners
gT piece-wise linear decomposition with knots at 1/12, 1, 3, 5, and 8 years

Table C.11 – Definitions of variables and transformations used to describe the models of the
lifetime number of partners of the cohabiting partners

C.5.2 Models LF NP P C1 − LF NP P C3

Models LFNPPC1 − LFNPPC3 are logistic models used to determine the category of lifetime
number of partners for the cohabiting partner: tLP (LP ). The models follow a conditional struc-
ture: Model LFNPPC1 determines whether the partner has between 1 and 4 partners or not, Model
LFNPPC2 determines whether the partner has between 5 and 10 partners conditional on the partner
having more than 4, and Model LFNPPC3 determines if the partner has between 11 and 20 partners
conditional on the partner having more than 10.

logit(E(response)) =tAs(As)× tAD(AD)× tB(B) + tB(B)× tL(L)× S
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C.5.3 Cohabitations with individuals outside the model

Men will have female partners outside the model population. To determine if an upcoming cohabita-
tion occurs with a female outside the model population, it is necessary to first impute the hypothetical
age at the start of the next cohabitation. To do this, we fit a model:

log

( 1
λ(predictors)

)
= tB(B)× tA(A)× gT (T )

where λ is the rate of initiation of the upcoming cohabitation, β is the vector of parameters.

C.6 Complete the profile of cohabitation history of men

C.6.1 Model fit figures

As Figure C.22 shows, age at first cohabitation for the cohort born between 1945 and 1954 is older in
the model simulations compared to the NHSLS data. In the empirical data, there is a sharp increase in
the age of first cohabitation between 1945 and 1965 that is reproduced to a much lesser extent in the
model simulations. Qualitatively, however, the trends are preserved.
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Figure C.19 – Distributions of lifetime number of cohabitations for men by birth cohorts before
mixing occurs: model simulations vs NHSLS and NSFG data. 3+ means 3 or more. Cohabitations
of men have not yet been assigned a female partner.
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Figure C.20 – Distributions of lifetime number of cohabitations for men by birth cohorts after
mixing occurs: model simulations vs NHSLS and NSFG data. 3+ means 3 or more. Cohabitations
of men have been assigned a female partner. Cohabitations without a female partner assigned were
converted to non-cohabiting partnerships.
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Figure C.21 – Distributions of the difference between the age of male partner and the age of the
female partner for men in cohabitations: model simulations vs NSFG/NHSLS data. Men from
NSFG and NHSLS were matched for age at start of cohabitation and birth year to men from the model.
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Figure C.22 – Distributions of the age at start of first cohabitation for men by birth year: model
simulations vs NSFG/NHSLS data.
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C.7 Estimate an incomplete profile of non-cohabiting partnerships

C.7.1 Estimating the age at first sex of men

Definitions
Variables
AC age at start of first cohabitation
B year of birth
A age at interview
LP lifetime number of sex partners
Transformations
tAC piece-wise linear decomposition with knots at 20, 27, and 35 years
tLP piece-wise linear decomposition with knots at 5, 20, and 40 partners
tA piece-wise linear decomposition with knots at 25, and 35 years old

Table C.12 – Definitions of variables and transformations used to describe the models of the age
at first sex for men

Models AF SM1 − AF SM2
Models AFSM1 − AFSM2 are logistic models used to determine if the length of the gap between
the date of first sex and the start of the first cohabitation is lower than 3 years and, if not, if the length
of the gap is lower than 9 years. The models only apply to men who have had a cohabitation in their
lifetime:

logit(E(response)) =(A+B)× tLP (LP )× tAC(AC)

ModelsAF SM3 − AF SM5
Models AFSM3−AFSM5 are negative binomial models used to determine the exact length of the
gap in months. The models only apply to men who have had a cohabitation in their lifetime:

log(E(response)) =A× tLP (LP ) + tAC(AC)

Models AF SM6 − AF SM7
Models AFSM6 − AFSM7 are logistic models used to determine if the age at first sex is lower or
equal to 16 years old, and lower or equal to 18 years old if it is higher than 16 years old. The models
only apply to men who never had a cohabitation in their lifetime:
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logit(E(response)) =B × tLP (LP )× tA(A)

Models AF SM8 − AF SM9
Models AFSM8 − AFSM9 are negative binomial models used to determine the age at first sex (in
years) if it is lower than 16 years old, and if it is higher than 18 years old. The models only apply to
men who never had a cohabitation in their lifetime:

log(E(response)) =tLP (LP )× tA(A)

Models AF SM10
Model AFSM10 is a logistic models used to determine the age at first sex (in years) if it is 17 or 18
years old. The models only apply to men who never had a cohabitation in their lifetime:

logit(E(response)) =tLP (LP )× tA(A)

C.7.2 Estimating the period of non-cohabiting sexual partnerships for men

The models used to estimate the period are the same as for women (see section C.1.3).
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C.7.3 Age of female partner

Definitions
Variables
A age of man at interview
Am age of man at start of partnership
Aw age of woman at start of start of partnership
LP lifetime number of sex partners
LC lifetime number of cohabitations
Transformations
tLP piece-wise linear decomposition with knots at 5, 20, and 40 partners

Table C.13 – Definitions of variables and transformations used to describe the models of the age
of the female non-cohabiting partner

Model AP M1
ModelAPM1 is a regression of a mixture of two normal laws used to determine the value ofAm−Aw.
The model is fitted for three categories of A (≥ 30, 19 − 29, and 12 − 18 years old). The log of the
expected response for the normal regression model is:

log(E(response)) =A

The logit of the expected response for the mixture logistic model is:

logit(E(response)) =A× tLP (LP )× (A−Am)× LC

C.7.4 Men who pay for sex

Definitions
Variables
A age of man at interview
B year of birth
LP lifetime number of sex partners
Transformations
tLP piece-wise linear decomposition with knots at 4, 20, and 40 partners
tB piece-wise linear decomposition with knots at 1920, 1940, 1960, and 1980 years
tA piece-wise linear decomposition with knots at 20, 35, and 50 years

Table C.14 – Definitions of variables and transformations used to describe the models to identify
men who have paid for sex
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Model MW P S
Models MWPS is a logistic model used to determine if a man has paid for sex in his lifetime:

logit(E(response)) =tA(A)× tLP (LP )× tB(B)

C.7.5 Model fit figures

We see from Figure C.23 that age at first sex for men born before 1955 is slightly older in the model
simulations vs the NHSLS data. This is likely a consequence of age at start of first cohabitation not
fitting well for these birth cohorts (see section C.6.1).
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Figure C.23 – Distributions of the age at first sex for men by birth year: model simulations vs
NSFG/NHSLS data.
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Figure C.24 – Quantiles of the age at first sex for men by birth year: model simulations vs
NSFG/NHSLS data.

192



0

1−
2

3−
5 6−

10

11
−

20

21
+

0

1−
2

3−
5

6−
10

11
−

20

21
+

0

1−
2

3−
5

6−
10

11
−

20

21
+

0

1−
2

3−
5

6−
10

11
−

20

21
+

0

1−
2

3−
5

6−
10

11
−

20

21
+

Birth year

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

1945−1954 1955−1964 1965−1974 1975−1984 1985−1999

0.0

0.1

0.2

0.3

0.4

0.5

: Model 

: Data 

0, 1−2, 3−5, ... : Number of sexual partners 

Figure C.25 – Distributions of lifetime number of sexual partnerships for men by birth co-
horts: model simulations vs NHSLS/NSFG data. 21+ means 21 or more. Men participants from
NHSLS/NSFG were matched for age and birth year with men from the model.

193



0

1−
2

3−
5

6−
10

11
−

20

21
+

0

1−
2

3−
5

6−
10

11
−

20

21
+

0

1−
2

3−
5

6−
10

11
−

20

21
+

Age (years)

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

31−35 36−40 41−44

0.0

0.1

0.2

0.3

0.4

0.5

: Model 

: Data 

0, 1−2, 3−5, ... : Number of sexual partners 

Figure C.26 – Distributions of lifetime number of sexual partnerships by age for men born be-
tween 1955 and 1964: model simulations vs NHSLS/NSFG data. 21+ means 21 or more. Men
participants from NHSLS/NSFG were matched for age and birth year with men from the model.
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Figure C.27 – Distributions of lifetime number of sexual partnerships by age for men born be-
tween 1965 and 1974: model simulations vs NHSLS/NSFG data. 21+ means 21 or more. Men
participants from NHSLS/NSFG were matched for age and birth year with men from the model.
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Figure C.28 – Distributions of lifetime number of sexual partnerships by age for men born be-
tween 1975 and 1984: model simulations vs NHSLS/NSFG data. 21+ means 21 or more. Men
participants from NHSLS/NSFG were matched for age and birth year with men from the model.
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C.8 Balancing non-cohabiting partnerships

C.8.1 Scenario 1: Under-sampling and under-reporting of a core group of women

Model fit figures
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Figure C.30 – Mean number of partnerships formed by men in excess (in the model population
without correction) compared to partnerships formed by women by birth cohorts of the male
partner.
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Figure C.31 – Proportion of men who formed partnerships with high-risk women by birth co-
horts in the model population.
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Figure C.33 – Proportion of men who formed partnerships with high-risk women by lifetime
number of sexual partners in the model population.
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C.8.2 Scenario 2: Men overestimate, women underestimate

Definitions
Variables
A age of at interview
LP lifetime number of sex partners
Transformations
tLP piece-wise linear decomposition with knots at 1, 4, 10, and 40 partners
tA piece-wise linear decomposition with knots at 20, 30, and 40 years

Table C.15 – Definitions of variables and transformations used to describe the models to identify
men who overestimate and women who underestimate their lifetime number of sex partners

Models RP B1 − RP B3
Model RPB1 is a logistic model used to determine if a man has overestimated or a woman has un-
derestimated their lifetime number of sex partner. Model RPB2 is a negative binomial zero-inflated
regression model used to determine the number of additional sex partners a woman has. ModelRPB3
is a beta regression model used to determine the proportion of partnerships that was overestimated by
a man:

log(E(response)) =tLP (LP )× tA(A)

Model fit figures
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Figure C.34 – Correction of the overestimation of the lifetime number of sex partners of men by
birth cohorts.
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Figure C.35 – Correction of the underestimation of the lifetime number of sex partners of women
by birth cohorts.
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Figure C.36 – Mean number of partnerships formed by men in excess (in the model population
after correction described in scenario 2) compared to partnerships formed by women by birth
cohorts of the male partner.
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Figure C.37 – Proportion of men who formed partnerships with high-risk women by birth co-
horts in the model population.
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Figure C.38 – Proportion of all partnerships of men that were formed with high-risk women by
birth cohorts in the model population.
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C.9 Who mixes with whom: non-cohabiting partnerships

C.9.1 Level of sexual activity of the partner

Female and male partners outside the model population are given a category of lifetime number of
partners (1 − 4, 5 − 10, 11 − 20 and 21+). Male partner inside the model population also have
their lifetime number of partners category determined before the sampling of the male partner. To
determine the category of lifetime number of partners, we used three logistic models for men and
three logistic models for women.

Definitions
Variables
AD age difference: age of man minus age of woman
As age of participant at start of partnership
B year of birth
LP lifetime number of sex partners
Transformations
tB piece-wise linear decomposition with knots at 1920, 1940, 1960, and 1980 years
tAs piece-wise linear decomposition with knots at 20, 25, and 35 years
tAD categorization as ≤ −6, ]− 6,− 3], ]− 3,− 1], ]− 1,1], ]1,3], ]3,8], and > 8 years
tLP categorization as 1− 4, 5− 10, 11− 20, and 21+ partners

Table C.16 – Definitions of variables and transformations used to describe the models of the
lifetime number of partners of the non-cohabiting partners

Models LF NP P 1 − LF NP P 3
Models LFNPP1− LFNPP3 are logistic models used to determine the category of lifetime num-
ber of partners for the non-cohabiting partner: tLP (LP ). The models follow the same conditional
structure as in C.5.1:

logit(E(response)) =tAs(As)× tAD(AD)× tB(B)
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C.10 Individual-based dynamic model of STI and subsequent
development of cancer

Scenarios

Parameters High-risk
group

Report bias
men and women

Report bias
men only

Probabilities of transmission per partnership
Sexual intercourse: Genital→ Genital 0.78 0.78 0.78
Sexual intercourse: Genital→ Oral 0 0 0
Oral Sex: Genital→ Oral 0 0 0
Natural history of infection
Men and Women: Clearance rate 1/18 months−1

Men: Probability of developing
systemic natural immunity

10%

Women: Probability of developing
systemic natural immunity

35%

HPV-related cancers
Mean duration from infection
to cervical cancer (years)

25 25 25

Standard deviation of duration
from infection to cervical cancer

9 9 9

Probability for an infection
to transition to cervical cancer

0.017 0.009 0.019

Mean duration from infection
to oropharyngeal cancer (years)

41 40 41

Standard deviation of duration
from infection to oropharyngeal cancer

9 9 9

Probability for an infection to transition
to oropharyngeal cancer

0.0017 0.0014 0.0014

Table C.17 – Median values of parameters of HPV transmission for scenario uni-site
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Scenarios

Parameters High-risk
group

Report bias
men and women

Report bias
men only

Probabilities of transmission per partnership
Sexual intercourse: Genital→ Genital 0.78 0.78 0.78
Sexual intercourse: Genital→ Oral (with oral sex) 0 0 0
Oral Sex: Genital→ Oral 0.175 0.400 0.220
Natural history of infection
Men and Women: Clearance rate 1/18 months−1

Men: Probability of developing
systemic natural immunity

10%

Women: Probability of developing
systemic natural immunity

35%

HPV-related cancers
Mean duration from infection
to cervical cancer (years)

25 25 25

Standard deviation of duration
from infection to cervical cancer

9 9 9

Probability for an infection
to transition to cervical cancer

0.017 0.009 0.019

Mean duration from infection
to oropharyngeal cancer (years)

41 41 41

Standard deviation of duration
from infection to oropharyngeal cancer

9 9 9

Probability for an infection to transition
to oropharyngeal cancer

0.134 0.075 0.099

Table C.18 – Median values of parameters of HPV transmission for scenario multi-site with oral
sex
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Scenarios

Parameters High-risk
group

Report bias
men and women

Report bias
men only

Probabilities of transmission per partnership
Sexual intercourse: Genital→ Genital 0.78 0.78 0.78
Sexual intercourse: Genital→ Oral 0.084 0.144 0.102
Oral Sex: Genital→ Oral 0 0 0
Natural history of infection
Men and Women: Clearance rate 1/18 months−1

Men: Probability of developing
systemic natural immunity

10%

Women: Probability of developing
systemic natural immunity

35%

HPV-related cancers
Mean duration from infection
to cervical cancer (years)

25 25 25

Standard deviation of duration
from infection to cervical cancer

9 9 9

Probability for an infection
to transition to cervical cancer

0.017 0.009 0.019

Mean duration from infection
to oropharyngeal cancer (years)

40 40 40

Standard deviation of duration
from infection to oropharyngeal cancer

9 10 9

Probability for an infection to transition
to oropharyngeal cancer

0.099 0.004 0.097

Table C.19 – Median values of parameters of HPV transmission for scenario multi-site without
oral sex

C.11 The practice of oral sex

Model OSP 1
Model OSP1 is used to determine whether an individual practices oral sex:

logit(E(response)) =tB(B)

with tB(B) being a piece-wise linear decomposition of year of birth with a knot at 1940.

Model OSP 2
Model OSP2 is used to determine whether an individual who practices oral sex (as determined in
Model OSP1) will perform oral sex with a given partner:
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logit(E(response)) =P × (β1 × C + β0)

with P being an indicator variable of whether the partnership is with a woman from the high-risk
group, C being indicator variable of whether the partnership is a cohabitation.

C.11.1 Model fit figures
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Figure C.39 – Proportion of women who have ever had cunnilingus performed on them by year
of birth: model simulations of Scenario 1 vs data from three surveys from France.

Data Scenario 1 Scenario 2 Scenario 3
Proportion of men
who performed cunnilingus (%) 90.9 89.5 90.1 89.3

Table C.20 – Proportion of men aged 40-44 years old between 2011-2015 who have performed
cunnilingus on a woman: model simulations vs data from three France surveys
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Figure C.40 – Proportion of women who have ever had cunnilingus performed on them by year
of birth: model simulations of Scenario 2 vs data from three surveys from France.

20
−

24

25
−

34

35
−

39

40
−

49

50
−

59

60
−

69

20
−

24 25
−

34

35
−

39

40
−

49

50
−

59

60
−

69

20
−

24

25
−

34

35
−

39

40
−

49

50
−

59

60
−

69

Year of survey

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

1970 1992 2006

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 : Data 

: Model 

20−24, 25−34, ...: Age 

Figure C.41 – Proportion of women who have ever had cunnilingus performed on them by year
of birth: model simulations of Scenario 3 vs data from three surveys from France.
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Appendix D

Supplementary materials. Modelling
multi-site transmission of the human
papillomavirus and its impact on
vaccination effectiveness

D.1 Model flow chart

Figure D.1
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Table D.1 – Base-Case Model Parameter Values

Population parameters Symbol Base-case Reference
Natural mortality rate (per year) µ 1/30 Assumption

Probability of transmission per partnership π 75% 186

Average duration of infection (years) D = 1
σ 1.2 186

Probability of developing natural ω 30% 186

immunity after clearance of infection

Proportion of smokers in the population 20% 249

Proportion of individuals in the high αS 1.2% 249

activity class

Risk ratio of being highly sexually active αNS 7.5% 249

if smoker compared to non-smoker

Rate of new sexual partners per year ni n1 = 1.2 249

in sexual activity class i n2 = 7.0

Sexual assortativity parameter ε1 0.4 Assumption

Smoking assortativity parameter ε2 0.8 Assumption

Parameter of correlation between the c 1 Assumption
two types of assortativity

D.2 Parameter values

D.3 Model equations

∂Yi,j
∂t

= −σYi,j−µYi,j+niπXi,j

(
pi,j(1,1) Y1,1

N1,1
+ pi,j(1,2) Y1,2

N1,2
+ pi,j(2,1) Y2,1

N2,1
+ pi,j(2,2) Y2,2

N2,2

)
(D.1)

∂Zi,j
∂t

= ωσYi,j − µZi,j (D.2)

with i=1,2 for the sexual activity class (1=low, 2=high), j=1,2 for the smoking status (1=non-smoker,
2=smoker), ni= rate of new sexual partner acquisition, Xi,j= susceptible, Yi,j= infected, Zi,j= im-
mune, Ni,j= total population (Xi,j+Yi,j+Zi,j), σ=clearance rate, µ=mortality rate, π=probability of
transmission per partnership, ω=probability of developing natural immunity after clearance, pi,k(j,l)=proportion
of partnerships of individuals in class (i,k) that are with individuals in class (j,l).
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D.4 Mixing equations

The quantities pi,k(j,l) are the proportion of partnerships of individuals in the class (i,k) that are
formed with individuals in the class (j,l) and are given by the mixing equations taken from:

pi,k(j,l) = aδi,jδk,l + bδi,j
Nj,lnl∑
pNi,pnp

+ cδk,l
Nj,lnl∑
mNm,knk

+ (1− a− b− c) Nj,lnl∑
m

∑
pNm,pnp

(D.3)

Where a,b,c are non-negative numbers such that a+b+c ≤ 1 and is equal 1 if i = j and 0 otherwise.
Other notation is as previously. These mixing equations are algebraically always balanced for any
non-negative a,b,c such that a+ b+ c ≤ 1 because they are a convex sum of solutions (each term of
the sum can be seen to be a solution).
Formula D.4 can be understood by thinking of partnership formation as an individual having three
different types of partner selection: each term of the sum represents a different type of partner selec-
tion and the parameters a,b,c,1 − a − b − c are the probabilities of each type of selection. The first
term is the event of selecting assortatively a partner from the same smoking and sexual activity class.
The second term is selecting from the same sexual activity class, but randomly as for smoking status.
Thus, if the second choice is made, it is still possible to be choosing from the same sexual activity and
smoking class. The third term is random selection for sexual activity, and assortatively for smoking.
The last is selecting completely at random. Thus, the assortativity bias comes from the third term,
where the probability of selecting a highly sexually active individual is greater for smokers.
Sticking with the interpretation of formula D.4 as probabilities of event, we can define the four proba-
bilities as obtained by two probabilities: the probability of selecting assortatively for smoking status,
ε1, and for sexual activity, ε2. The alternative to selecting assortatively is selecting randomly. Thus,
the probability a becomes ε1ε2. We can further introduce a correlation between the two events using a
parameter, α (α is not the correlation however). The new formula would then be:

pi,k(j,l) = ε1αε2δi,jδk,l + (1− ε1)ε2
(

1−αε1
1−ε1

)
δi,j

Nj,lnl∑
p
Ni,pnp

+ ε1(1− αε2)δk,l
Nj,lnl∑

m
Nm,knk

+(1− ε1)
(
1− ε2

(
1−αε1
1−ε1

))
Nj,lnl∑

m

∑
p
Nm,pnp

(D.4)
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