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Assumptions regarding onset of menopause and reactivation

Assumption 1. Onset of menopause occurs between 45 and 54.

We arrived at this assumption based on two Australian studies which estimated that the
median age of menopause in Australian women is 51 [6] and the mean age is 52.9 [13]
(age range 45 to 64 years). Menopause in women closer to their 60s is quite rare. We,
therefore, decided to allow for menopause in women aged 45-54.

We would like to stress that this is reasonable for Australia but not necessarily for
any other country, because the age of natural menopause appears to be region dependent
[4, 15].

Assumption 2. All menopausal women who have been infected with HPV-16 at least once
(i.e. who have been sufficiently exposed to HPV-16) are at risk of HVP-16 reactivation.

According to [11], only whose menopausal women who have had at least 5 LTSPs
appeared to be at risk of possible HPV reactivation, and there was no evidence that
having more LTSPs increased the risk. This suggests that these women had a certain
level of exposure to HPV achieved via having at least 5 LTSPs, and we speculate that
this level is described as being infected at least once (in the absence of any other plausible
explanations).

Assumption 3. All women who have been infected with HPV-16 and become latently
infected reactivate at menopause at age-dependent rates equal to the rates of onset of
menopause.

This is a simplification we see as appropriate in view of our limited knowledge of the
reactivation process. The rates of onset of menopause are defined based on Australian
data and discussed in “Implementation of the onset of menopause” on page 14.

Assumption 4. Susceptible men at risk of reinfection with HPV-16 within the existing
long-term partnerships (i.e. marriages or de facto) with 45-54 year old menopausal women
at risk of reactivation are aged 45-54.

No data on specific age differences in Australian couples in de facto partnerships are
available (i.e. such data as what percentage of the 50 year old women are married to, for
example, 53 year old men). However, it is acceptable to assume that an average 45-54 year
old woman is likely to be in a de facto partnership with a 45-54 year old man. In most
cases, according to ASHR [2], men would be expected to be older than their partners, but
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given that ASHR effectively suggested the same sexual behaviour for individuals aged 45
to 59 (see also Table 2), we can claim that it doesn’t matter to us whether for example,
a 47 year old woman has a partner aged 48 or 55.

Assumption 5. Reactivation of HPV-16 in Australian menopausal women should have
started to occur on a relatively large scale in 2003.

Year 2003 is when a fraction of 45 year old women who had a sufficient exposure
to HPV-16 became significant enough to make the increased prevalence in these women
noticeable. Please, see Figure 2 for details.

Assumption 6. The masking effect of sexual revolution suggested by Gravitt et al. [11]
is applicable to Australia.

We assume this because Australia is a Western country in many respects similar to
the US for which the effect has been originally discussed. The sexual revolution began
in Australia right after it had begun in the US. The following reconstruction of sexual
behaviour is based on the findings presented in [19].

pre-1961 While there is no comprehensive studies available on sexual behaviour in Aus-
tralia before the sexual revolution, for the purpose of this study, it is sufficient to
view it as varying around a level considerably lower than the one currently observed.

1961-1965 Year 1961 is a formal beginning of sexual revolution in Australia because
that is when the contraceptive pill arrived in the county, a year after the US [1].
However, the pill was initially available only to married women and its use could
not become widespread immediately. We, therefore, take 1966 as a the first year
when noticeable changes in sexual behaviour could be observed.

1966-1975 This is a transition period signified by changes in sexual behaviour, perhaps,
in women in the first place, and new attitudes towards sex in Australian society.
Feminist movements were on the rise, sexual encounters between unmarried adults
were losing their reprehensible public image, divorce rates were increasing and mar-
riage rates were decreasing. All this was accompanied by the development of birth
control and curability of all sexually transmitted diseases.

post-1976 While the notion of an “end” of sexual revolution is vague and lacking evi-
dence, we assume that during this period there was no changes in sexual behaviour
comparable in scale to those which happened during the Australian sexual revolu-
tion.

Figure 1 is a sketch intended to illustrate how the masking effect presumably works.
The dashed line shows an age-specific HPV-16 prevalence profile in women before the
sexual revolution. A much lower overall HPV prevalence and considerably more restrained
sexual behaviour (as compared to the post-sexual revolution times) are attributed to
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Figure 1: Masking effect of sexual revolution of 1961-1975 in Australia. Solid line marks age-specific
prevalence observed around 2000; dashed line marks prevalence corresponding to pre-sexual revolution
sexual behaviour - women with such behaviour were around their fifties at the time when prevalence was
observed.

this period. The increased HPV prevalence in older women can be clearly identified.
However, due to the sexual revolution and the following new sexual behaviour and high
HPV prevalence (as compared with the pre-sexual revolution times), a cross-sectional
study collecting HPV prevalence data in early 2000s would cover younger women with
post-sexual revolution sexual experiences and older women whose sexual behaviour had
been defined by the pre-sexual revolution norms. While there would be HPV reactivation
in these older women, it would result in HPV-16 prevalence lower than that in the younger
women from the post-sexual revolution cohort. Therefore, we would observe only the solid
line which makes it impossible to see any signs of HPV reactivation.

Below we present a timeline which indicates the events important in the context of
possible HPV reactivation in Australian women.

Assumption 7. Probability of becoming latently infected (per detectable HPV-16 infec-
tion) does not depend on age.

This is assumed for both men and women. Each time a woman of any age becomes
infected with HPV-16, she may remain latently infected with probability pw. Similarly,
men can remain latently infected with probability pm. This simplification has been made
because there is currently no data or even plausible speculations suggesting age or any
other factors the probabilities in question should depend upon.

It is pertinent to note that Assumption 7 allows us to justify estimation of both
pw and pm via calibration of our model to the data for 15-39 year old women. If any
HPV-16 prevalence data for Australian older women were available, estimations of these
probabilities could be different from the ones we obtained.

Assumption 8. Reactivation in menopausal women before 2003 can be seen as insignif-
icant for the purposes of our study.

We ignore reactivation in menopausal women before 2003. We ague that this is ac-
ceptable, given the purpose of our study, for the following reasons:
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Figure 2: HPV-16 reactivation in the Australian setting. The ASHR data mentioned here are as in
Table 2 and the WHINURS data can be found in Figure 11.

• The importance of exploration of the pre-2003 state of reactivation is questionable
from the public health perspective.

Indeed, it is of interest to simulate the development of reactivation-related scenarios rel-
evant now and in the near future.

• Allowing for reactivation of HPV-16 in menopausal women prior to 2003 would have
a negligible effect on calibration of our model.

The available WHINURS data we use for calibration does not cover women over 39,
so whatever HPV-16 prevalence the model produces for older women is not taken into
account by the fitting procedure. Admittedly, an increased prevalence in menopausal
women might influence prevalence in younger women used in the calibration procedure
either via older men infected in partnerships with reactivating women and then infecting
their new younger sexual partners, or via reactivating women acquiring new younger
sexual partners who then pass the infection to their subsequent sexual partners. Both
scenarios are not unlikely, but the ASHR sexual behaviour data suggest they are rather
rare, so given that the data we use comes with wide confidence intervals, a slight increase
in HPV prevalence in 15-39 year old women would have no dramatic consequences.

• Allowing for reactivation of HPV-16 in menopausal women prior to 2003 would
require historical HPV-16 data which are not available in Australia.

We would be unable to properly estimate what women would be at risk of reactivation
without historical sexual behaviour and HPV-16 prevalence data, which are not available
for Australia. The ASHR data provide us with an estimate of the average number of
sexual partners menopausal women (aged 45-54) have in 2001-2002, but we still need to
know to what extent these women have been exposed to HPV when they were younger.
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Demographic assumptions

We developed a dynamic compartmental model for HPV-16 transmission in the Australian
heterosexual population. The population was stratified as shown in Figure 3.

Australian 

heterosexual 

population

Gender 
• males
• females

Sexual activity
groups (% of population)

• low activity (60%)
• moderate activity (27%)
• high activity (11%)
• highest activity (2%)

Age 
1-year age groups
• 12 year olds
• ... 
• 59 year olds

Infection state
• susceptible (S) 
• infected, DNA positive (I)
• infected, DNA negative, 

not infectious (L)
• immune (R)

Vaccination state 
• unvaccinated
• vaccinated

Figure 3: Stratification of the modelled population.

Assumption 9. Australian sexually active population consists of 13-59 year old individ-
uals.

In our opinion, this is adequate for the purposes of our study for the following reasons:

1. In the context of HPV-16 reactivation, we are interested menopausal women aged
45-54, since we assume that other women who are older than 54 do not reactivate.
Individuals aged 60 and older would certainly be of interest if we modelled HPV-16
related cancers, which we do not in this study.

2. The available sexual behaviour data (from the ASHR study) cover only individuals
aged up to 59.

Assumption 10. In each 1-year age group, namely, “12 year olds”, “13 year olds”, and
so on to “59 year olds”, the number of individuals is the same.

This is not to be confused with the number of sexually active individuals in each age
group! We think that this assumption is acceptable considering the available Australian
data presented in Figure 4. Clearly, there is fewer 15-19 and 55-59 year old individuals
in Australia, but considering the width of confidence intervals imposed on the HPV-16
prevalence data we calibrate our model to (see Figure 11), assuming that the 15-19 year
olds constitute not about 8% but 8.5% of the entire population can be reasonably expected
to have little impact on the calibration procedure.
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Figure 4: Australian population by age group, as reported by the Australian Bureau of Statistics [3].
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Figure 5: Percentage of sexually active in Australian population (no difference between males and
females), see [7, 12, 26].

Assumption 11. The number of males and females is the same in each 1-year age group.

This simplification is reasonable because the available Australian data shows that the
sex ratio indeed insignificantly varies around 1 between age groups and year to year.

Assumption 12. For each 1-year age group, the proportion of sexually active men is the
same as the proportion of sexually active women.

This is based on the estimated age-specific proportions of sexually active individuals
in Australian population shown in Figure 5 [7, 12].

Assumption 13. Mortality due to HPV-16 or natural causes can be ignored, as well as
population growth.

7



55-590 10-14 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54

20

0

2

4

6

8

10

12

14

16

18

age group (year old)

d
e
a
th

 r
a
te

, 
p
e
r 

1
,0

0
0
 p

o
p
u
la

ti
o
n

males

females

Figure 6: The age-specific death rates per 1,000 averaged over 10 years (2001-2011) used in our model.

According to the available data (Figure 6), death rates in the population of interest (12-
59 year olds) do not appears substantial enough to have a notable effect on the magnitude
of our estimations.

Susceptible

Infected
DNA positive

Immune

Latently Infected
DNA negative

(a) Females.

Susceptible

Infected
DNA positive

Immune

Latently Infected
DNA negative

(b) Males.

Figure 7: HPV-16 transmission model.

Assumptions regarding vaccination

Assumption 14. Duration of vaccine induced protection, expressed as reduced suscepti-
bility to reinfection, is life-long.

The validity of this assumption has been previously discussed (see, for example, [26]) and
in brief, the argument to support it is that given the reported duration of vaccine protec-
tion exceeding eight years for young women, boys and girls [16, 24] and a possibility of a
post-vaccination immune memory [20], it is reasonable to assume the life-long protection
because even if it was not life-long as such, it could be maintained at an appropriate level
by boosters.
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model prior posterior
parameter symbol specification refs. mean SD

Natural history parameters
probability of HPV-16 transmission

from female to male βwm U(0.10, 1.00) [5] 0.92 0.03
from male to female βmw U(0.10, 1.00) [5] 0.93 0.03

rate of clearance of HPV-16
for women under 30 cw1 U(0.50, 1.17) [27, 28, 23, 18] 0.59 0.05

for women over 30 cw2 U(0.50, 1.17) [27, 28, 23, 18] 0.60 0.05
for men under 30 cm1 U(0.55, 1.66) [10, 9] 0.62 0.03

for men over 30 cm2 U(0.55, 1.66) [10, 9] 0.63 0.03
probability of becoming latently infected

for women pw U(0.01, 1.00) n/a 0.11 0.04
for men pm U(0.01, 1.00) n/a 0.09 0.05

rate of loss of immunity
for women under 30 ww1 U(0.01, 2.00) n/a 1.65 0.16

for women over 30 ww2 U(0.01, 2.00) n/a 1.67 0.15
for men under 30 wm1 U(0.01, 2.00) n/a 1.78 0.14

for men over 30 wm2 U(0.01, 2.00) n/a 1.82 0.10

Sexual behaviour parameters
degree of assortativity

by age group εa U(0.05, 0.95) n/a 0.27 0.22
by sexual activity group εs U(0.05, 0.95) n/a 0.64 0.21

Table 1: Model parameters, their prior distributions (all uniform), posterior means and standard devia-

tions (SD). Note that all parameters denote quantities averaged over the modelled population; the degrees

of assortativity εa and εs are implemented as described in [8]; n/a indicates that there is no published

literature to inform the choice of prior distribution and the values given are based on assumption. The

choice of prior distributions is discussed in detail in Technical Appendix.

Model equations

Here we present the equations describing the movement between compartments in the
sexually active population (note that 12 year olds are not sexually active!). All model
equations are the ordinary differential equations. The notations we use are the following:
infection states are S (susceptible), I (infected and HPV-16 DNA positive), L (infected
and HPV-16 DNA negative, not infectious) and R (remover or immune); index s is for
a sexual activity group (s = 1, 2, 3, 4), a is for an age group 12, 13, . . . , 59, v denotes
vaccination status, not vaccinated v− or vaccinated v+. Coefficients are as described in
Table 1.

Susceptible

Women

Ṡw,s,[13−29],v− = −λw,s,[13−29],v−Sw,s,[13−29],v− + ww1Rw,s,[13−29],v−, unvaccinated under 30

Ṡw,s,[30−59],v− = −λw,s,[30−59],v−Sw,s,[30−59],v− + ww2Rw,s,[30−59],v−, unvaccinated 30+

Ṡw,s,[13−29],v+ = −(1− ef )λw,s,[13−29],v−Sw,s,[13−29],v+ + ww1Rw,s,[13−29],v+, vaccinated under 30

Ṡw,s,[30−59],v+ = −(1− ef )λw,s,[30−59],v−Sw,s,[30−59],v− + ww2Rw,s,[30−59],v−, vaccinated 30+
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Men

Ṡm,s,[13−29],v− = −λm,s,[13−29],v−Sm,s,[13−29],v− + wm1Rm,s,[13−29],v−, unvaccinated under 30

Ṡm,s,[30−59],v− = −λm,s,[30−59],v−Sm,s,[30−59],v− + wm2Rm,s,[30−59],v−, unvaccinated 30+

Ṡm,s,[13−29],v+ = −(1− em)λm,s,[13−29],v−Sw,s,[13−29],v+ + wm1Rm,s,[13−29],v+, vaccinated under 30

Ṡm,s,[30−59],v+ = −(1− em)λm,s,[30−59],v−Sw,s,[30−59],v− + wm2Rm,s,[30−59],v−, vaccinated 30+

Infected (DNA positive)

Women

İw,s,[13−29],v− = −Iw,[13−29],a,v−cw1 + λw,s,[13−29],v−Sw,s,[13−29],v−, unvaccinated under 30

İw,s,[30−44],v− = −Iw,[30−44],a,v−cw2 + λw,s,[30−44],v−Sw,s,[30−44],v−, unvaccinated 30-44

İw,s,[45−54],v− = −Iw,[45−54],a,v−cw2 + λw,s,[45−54],v−Sw,s,[45−54],v− + I∗w,s,[45−54],v−, unvaccinated 45-54

İw,s,[55−59],v− = −Iw,[55−59],a,v−cw2 + λw,s,[55−59],v−Sw,s,[55−59],v−, unvaccinated 55-59

İw,s,[13−29],v+ = −Iw,[13−29],a,v+cw1 + (1− ef )λw,s,[13−29],v+Sw,s,[13−29],v+, vaccinated under 30

İw,s,[30−59],v− = −Iw,[30−59],a,v−cw2 + (1− ef )λw,s,[30−59],v−Sw,s,[30−59],v−, vaccinated 30-59

Men

İm,s,[13−29],v− = −Im,[13−29],a,v−cm1 + λm,s,[13−29],v−Sm,s,[13−29],v−, unvaccinated under 30

İm,s,[30−44],v− = −Im,[30−44],a,v−cm2 + λm,s,[30−44],v−Sm,s,[30−44],v−, unvaccinated 30-44

İm,s,[45−54],v− = −Im,[45−54],a,v−cm2 + λm,s,[45−54],v−Sm,s,[45−54],v− + I∗m,s,[45−54],v−, unvaccinated 45-54

İm,s,[55−59],v− = −Im,[55−59],a,v−cm2 + λm,s,[55−59],v−Sm,s,[55−59],v−, unvaccinated 55-59

İm,s,[13−29],v+ = −Im,[13−29],a,v+cm1 + (1− em)λm,s,[13−29],v+Sm,s,[13−29],v+, vaccinated under 30

İm,s,[30−44],v+ = −Im,[30−44],a,v+cm2 + (1− em)λm,s,[30−44],v−Sm,s,[30−44],v+, vaccinated 30-44

İm,s,[45−54],v+ = −Im,[45−54],a,v+cm2 + (1− em)λm,s,[45−54],v−Sm,s,[45−54],v+ + (1− em)I∗m,s,[45−54],v−,

İm,s,[55−59],v+ = −Im,[55−59],a,v+cm2 + (1− em)λm,s,[55−59],v−Sm,s,[55−59],v+, vaccinated 55-59

Latently infected (DNA negative)

Women

L̇w,s,[13−29],v− = −pwcw1Iw,[13−29],a,v−, unvaccinated under 30

L̇w,s,[30−44],v− = −pwcw2Iw,[30−44],a,v−, unvaccinated 30-44

L̇w,s,[45−54],v− = −pwcw2Iw,[45−54],a,v− − I∗w,s,[45−54],v−, unvaccinated 45-54

L̇w,s,[55−59],v− = −pwcw2Iw,[55−59],a,v−, unvaccinated 55-59

L̇w,s,[13−29],v+ = −pwcw1Iw,[13−29],a,v+, vaccinated under 30

L̇w,s,[30−44],v+ = −pwcw2Iw,[30−44],a,v+, vaccinated 30-59
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Men

L̇m,s,[13−29],v− = −pmcm1Im,[13−29],a,v−, unvaccinated under 30

L̇m,s,[30−59],v− = −pmcm2Im,[30−59],a,v−, unvaccinated 30-59

L̇m,s,[13−29],v+ = −pmcm1Im,[13−29],a,v+, vaccinated under 30

L̇m,s,[30−44],v+ = −pmcm2Im,[30−44],a,v+, vaccinated 30-59

Immune

Women

Ṙw,s,[13−29],v− = −ww1Rw,s,[13−29],v− + (1− pw)cw1Iw,[13−29],a,v−, unvaccinated under 30

Ṙw,s,[30−59],v− = −ww2Rw,s,[30−59],v− + (1− pw)cw1Iw,[30−59],a,v−, unvaccinated 30+

Ṙw,s,[13−29],v+ = (1− pw)cw1Iw,[13−29],a,v+, vaccinated under 30

Ṙw,s,[30−59],v+ = (1− pw)cw1Iw,[30−59],a,v+, vaccinated 30+

Men

Ṙm,s,[13−29],v− = −wm1Rm,s,[13−29],v− + (1− pm)cw1Im,[13−29],a,v−, unvaccinated under 30

Ṙm,s,[30−59],v− = −wm2Rm,s,[30−59],v− + (1− pm)cw1Im,[30−59],a,v−, unvaccinated 30+

Ṙm,s,[13−29],v+ = (1− pm)cm1Im,[13−29],a,v+, vaccinated under 30

Ṙm,s,[30−59],v+ = (1− pm)cm1Im,[30−59],a,v+, vaccinated 30+

Here I∗w,s,[45−54],v− and I∗m,s,[45−54],v− are terms due to inclusion of latency and reactivation
into the model. The first one is for women and we define it as follows

∀ a ∈ {45, 46, . . . , 54} I∗w,s,a,v− = raLw,s,a,v− (1)

where ra is a rate of reactivation specified as discussed in “Implementation of the onset
of menopause” on page 14. Recall that reactivation in our model occurs simultaneously
with the onset of menopause. For men,

∀ a ∈ {45, 46, . . . , 54} I∗m,s,a,v− = 0.7× Sm,s,a,v− ×
raL

∗
w,s,a,v−

Nw

× βwm, (2)

where 0.7 is the proportion of susceptible men who are in long-term relationships (i.e.
married or de facto), and Nw is the total number of all women in the modelled population.

Implementation of ageing

Ageing in our model is discrete, which is why is is not a part of the model equations listed
above. The way it works is based on a well known approach suggested in [25]:

• we solve the model equations on a time interval which corresponds to one year
(t ∈ [0, 1]). This gives us the state of the model at the end of the current year;
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• everyone in the model is instantly made older by 1 year; the number new 12 year
old individuals who enter the model is equal to the number of individuals leaving
the model;

• the obtained model state is used as the initial condition to solve the model equations
on the time interval corresponding to the next year.

Implementation of sexual behaviour and calculation of the force
of infection

HPV is sexually transmitted, so modelling of sexual behaviour within a population is a
necessary part of any HPV model. In our study, we used the sexual behaviour data from
a large cross sectional population survey the ASHR in Australia [2], a computer-assisted
telephone survey of a random sample of about 20, 000 aged from 16 to 59.

The ASHR data was employed to fill a sexual mixing matrix, which is a matrix of
conditional probabilities that an individual of a given age and sexual behaviour group
would form a sexual partnership with an individual of the opposite gender of a particular
age and sexual behaviour group.

age group sexual debut sexual activity group (% of females)
year old (approx. year) 1 (60%) 2 (27%) 3 (11%) 4 (2%)

RPC 1.00 4.76 24.83 105.65

16-19 after 1975 5.28 0.13 0.65 3.39 14.43
20-24 after 1975 6.06 0.15 0.74 3.89 16.56
25-29 after 1975 4.37 0.11 0.53 2.80 11.94
30-34 after 1975 2.57 0.06 0.31 1.65 7.02
35-39 after 1975 1.61 0.04 0.19 1.03 4.40
40-44 after 1975 1.43 0.03 0.17 0.91 3.90

45-49 1971-1975
50-54 1966-1970 1.00 0.02 0.12 0.64 2.73
55-59 1961-1965

Table 2: Age-specific annual sexual partner change rates for Australian females calculated based on the

ASHR data and demographic data from Australian Bureau of Statistics for June, 2002. RPC is relative

sexual partner change rate by age or sexual activity group derived in [21]. The overall population sexual

partner change rate is 0.437.

Following the notations used in [29], let g denote a gender, and g′ an opposite gender;
a and a′ are some age groups, and s and s′ are some sexual activity groups; Pg′as is
the number of partnerships generated by people of gender g′ in age group a and sexual
activity group s. Then, according to the formulation introduced in [8], the probability that
someone of gender g in age group a and sexual activity group s will form a partnership
with someone of gender g′ in age group a′ and sexual activity group s′ is defined as

ρgasa′s′ ≡

(
εaδaa′ + (1− εa)

∑ns

β=1 Pg′a′β∑nA

α=1

∑ns

β=1 Pg′αβ

)
× (

εsδss′ + (1− εs)
∑ns

β=1 Pg′a′s′∑ns

β=1 Pg′a′β

)
(3)
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where εa and εs are the degrees of assortativity by age and sexual activity group, and

δaa′ =

{
1, a = a′

0, a 6= a′

Note that if εa = 0, the first factor in the product is simply the proportion of all
partnership generated by people of gender g′ attributed to the age group j, and sexual
mixing is called proportional by age. If εa = 1, then the first factor is non-zero only
if a = a′, which means that a partnership can be established strictly between people
from the same age group. Then sexual mixing is called fully assortative by age. Similar
considerations are valid for the second factor, representing mixing by sexual activity.

As recently discussed in [29], formulation (3) is widely used but not entirely correct,
and it is more appropriate to define ρkihjm as below.

ρgasa′s′ ≡ εaεsδijδss′ + εa(1− εs)
Pg′a′s′∑ns

β=1 Pg′jβ
δaa′+

(1− εa)εs
Pg′a′s′∑nA

α=1 Pg′αs′
δss′ + (1− εa)(1− εs)

Pg′a′s′∑nA

α=1

∑ns

β=1 Pg′αβ
. (4)

The degrees of assortativity are very hard to determine based on the results of sexual
behaviour surveys, no matter that some reasonable assumptions regarding them may be
made. For example, one might assume that εa is higher for those attending school than
for other people, because because their social contacts are largely limited to their own
age group; or, εs might be low for the most sexually active group because this group
may mainly include sex workers servicing less active clients. However, such assumptions
are rather speculative and rarely backed by sufficient data. Therefore, it is beneficial to
consider εa and εs as model parameters with their own prior distributions assigned.

To fill the matrix we used the data presented in Table 2, which originally was extracted
from the findings of Australian Study of Health and Relationships (ASHR) [2] in [21].
These data are relative sexual partner acquisition rates for each age group a (we denote
them ra) and each sexual activity (risk) group s (rs). The overall sexual partner change
rate c̄ averaged over the entire population was fixed at 0.437. We should emphasise the
assumption that there is no difference in sexual activity between females and males from
the same group.

In order to calculate the force of infection, we follow the scheme outlined in [8].

Remark on initiation of sexual activity

In our model, sexual activity commences instantaneously on yearly basis. Suppose at the
end of a year N17 of the 17 year olds have to become the 18 year olds, and the proportion of
sexually active in 17 year olds, p17 6= 1, must become the proportion of sexually active in
the 18 year olds, p18. Since we store the sexually inactive in the susceptible compartment,
this means that after the 17 year olds update their age label to 18, we have to move the
fraction (p18 − p17)/(1 − p17) of susceptible and sexually inactive to susceptible sexually
active.

Implementation of vaccination

Suppose the plan is to vaccinate a fraction C1 of N females from age group a during
the first year of the catch-up campaign, and then further increase their coverage to C2
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Figure 8: Australian HPV vaccination catch-up campaign of 2007-2009. The eligible females were those
aged 13-26 in 2007. The bars show a percentage of these females vaccinated each year.

during the second year. After the first year we will have C1N vaccinated females and
(1 − C1)N unvaccinated ones. Next year, we vaccinate a fraction (C2 − C1)/(1 − C1) of
these unvaccinated females to achieve the planned number of vaccinated females

C2 − C1

1− C1

(1− C1)N + C1N = C2N.

Implementation of the onset of menopause

The percentages of women who reach menopause at each age from 45 to 54 are shown in
Figure 9. These are based on the results presented in [6]. In the model, we assume that

  45 46 47 48 49 50 51 52 53 54

age (years)

10.6 %

5.8 % 5.9 %

11.5 %

8.6 %

22.1 %

8.5 %

12.3 %

8.2 %

6.5 %

Figure 9: Age-specific onset of menopause for a cohort of Australian women as reported in [6]. For each
age, the shown percents are percents of women who become menopausal at that age.

menopause occurs at a constant rate specific for each age. For example, suppose we have
N women who turn 45. We know that p45 = 0.106 of them have to become menopausal
before they are 46. Let r45 be a yearly rate at which this happens, and M be the number
of women who have already become menopausal. Then for a year starting at t = 0 and
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ending at t = 1 we can write down the following equation:

Ṁ(t) = r45(N −M(t)),

M(t = 0) = 0,

M(t = 1) = p45 ×N.
(5)

It is easy to see that this equation has a solution M(t) = N + exp(−r45t)c1, where c1
is a constant. We can insert this solution into the boundary conditions and obtain that
N + c1 = 0, N + exp(−r)c1 = p45 ×N. Hence, r45 = − ln(1− p45). Next year, the women
who have not become menopausal when they were 45 (there are N − p45N = (1− p45)N
of such women), become menopausal at a rate r46. This rate is such that at the end of
the year we will have p46N 46 year old women who have become menopausal during the
year. So,

Ṁ(t) = r46((1− p45)N −M(t)),

M(t = 0) = 0,

M(t = 1) = p46 ×N.
(6)

Then

p46 = − ln

(
1− p46

1− p45

)
.

In general, we have that

∀a ∈ {45, . . . , 54} pa = − ln

(
1− pa

1−
∑j=a−1

j=1 pj

)
. (7)

Specification of prior distributions for model parameters

Probability of HPV-16 transmission per partnership

This probability has been estimated at 0.20 (95% CI, 0.16-0.24) in [5] based on the
findings of the HITCH Study (HPV Infection and Transmission among Couples through
Heterosexual activity). There were 179 discordant couples enrolled (18-24 y.o. women
and their partners). No notable differences between the probabilities of women-to-men
(βwm) and men-to-women (βmw) transmissions have been detected. Some other studies,
however, reported that women-to-men transmission probability was much higher. In
particular, men-to-women transmission was was 4.5 per 100 person-months (95% CI,
1.5-9.3), while women-to-men transmission was 27.8 per 100 person-months (95% CI,
19.0-38.3) [14]. Only 25 couples were enrolled. Another study conducted in California
also enrolled 25 couples (the average age was 25 years for males and 23 years for females),
and the men-to-women transmission was 4.9 per 100 person-months (95% CI, .6-17.7),
while the women-to-men transmission was 16.5 (95% CI, 6.6-33.9), both estimated over
a 6-week period [30].

Taking into account a considerable uncertainty surrounding this probability, especially,
in the context of compartmental models where all partnerships are treated as instanta-
neous, we decided to use the reported estimation to define only the lower boundary of the
prior, that is, choose a uniform distribution U(0.1,1.0) for both βwm and βmw.
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Mean rate of clearance of HPV-16 infection

We approximate the mean rate of clearance of HPV-16 infection as the inverse of the
mean duration of HPV-16 infection.

The Ludwig-McGill cohort study enrolled 2528 women aged 18-60 years attending a
maternal and child health program in São Paulo, Brazil, These women were followed for
up to 10 years. Mean duration of HPV-16 infection was estimated at 11.9 months (95%
CI: 10.3-13.5), which is 0.99 years (95% CI: 0.85-1.12) [28]. Importantly, age did not
influence duration of infection.

Female university students (621 in total, ages 17-42, mean age 23) in Montreal were
followed for 2 years at 6-month intervals [22]. The reported mean duration of infection
was 18.3 (95% CI: 12.9-23.7), or in years, 1.52 (95% CI: 1.07-1.97).

The HERS cohort of 871 HIV-seropositive and 439 HIV-seronegative women enrolled
at 4 sites in the US was followed for 4.4 years (median). It was established that the
median duration of infection was 1 year, and there was no difference in duration between
women aged 35 or less and women over age 35 [18] .

The Guanacaste study covering 10,049 women over 18, [23] reported that females under
30 tended to clear HPV infection quicker than females older that 30. For example, by 1
year the fraction of females who cleared infection were around 56% and 48%, respectively.

In view of the above, we introduced two parameters for the mean duration of infection,
for females under 30 and over 30, with the same fairly wide prior uniform distribution
U(0.85, 2.0). This would allow for the possibility that the durations are age dependent.

In a prospective cohort study of 290 men aged 18-44 years, participants were examined
at baseline and every 6 months, with a mean duration of follow-up of 15.5 months [10].
Median time to clearance of HPV-16 was 6.0 months (95% CI: 5.2-6.8), which is in years
0.5 (95% CI: 0.43-0.56).

The HPV in Men (HIM) study enrolled 4,074 men aged 18-70 years from Brazil,
Mexico, and the USA [9]. They were assessed every 6 months for a median follow-up
of 275 months. Median time to clearance of HPV-16 was 12.19 months (95% CI: 7.16-
18.17), or in years, 1.01 (95% CI: 0.59-1.51). Median time to clearance of infection of any
HPV type was significantly longer in men aged 18-30 years than in the other age groups.
However, median time to clearance of HPV 16 was not age dependent.

Although we did not have any information about the mean durations of infection for
males, we assumed that the mean would be greater than median as it was the case for
females. Again, as we did for females, we introduced two duration of infection parameters
for males under and over 30, with the same uniform prior distribution U(0.6, 1.8). Any
calibration induced differences between these parameters would be evident from their
posterior distributions.

Probability to become latently infected

We had no information about this parameter, so its prior distribution was set to U(0.01, 1.00).
Note that in case it is approaching 0, both latency and reactivation in the model are neg-
ligible. If it is 1, all women or men who “clear” infection are actually latently infected,
and clearance as such is non-existent.
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Find a steady solution of the system of ODEs describing our model with 
reactivation disabled (which corresponds to the model being at endemic 

equilibrium)

Turn on HPV-16 reactivation in 45 y.o. latently infected women in 2003, 
when a noticeable proportion of women of this age is expected to have been 
sufficiently exposed to HPV-16. In 2004 the 45 and 46 y.o. women reactivate 

and so forth. From 2012 all 45-54 y.o. women reactivate.

Activate a school-based vaccination of girls in 2007.
Activate a catch-up vaccination for 13-26 y.o. women at the same 

time and stop it in 2009.

Activate a school-based vaccination of boys in 2013.
Activate a catch-up vaccination for 14-15 y.o. men at the same time 

and stop it in 2014.

Advance the system of ODEs describing our model until its steady 
solution is found

(which corresponds to the model being at endemic equilibrium)

Stage 1 

Stage 2 

Stage 3

Stage 4 

Stage 5 

Figure 10: The stages of calibration procedure performed for each sampled parameter vector.

Sexual mixing parameters

Prior distributions for these parameters were selected based on the discussion in [21]. We
are not aware of any conclusive data which would help to define priors for these parameters
though, which is why we simply choose U(0.1, 0.9) for both.

Calibration stages

The stages involved in a calibration procedure we use (detailed in [17]) are shown in
Figure 10.

(1) We obtain an endemic equilibrium solution of the system describing our model with
reactivation turned off, according to Assumption 8 (i.e. r = 0; note that p 6= 0 as
women of all ages may enter the latently infected compartment). This gives us the
numbers of individuals that should be in every model compartment given Australian
sexual behaviour and the chosen parameter values. These numbers do not change
in time. There is no ongoing vaccination in the model at this stage.

(2) A school-based vaccination of girls commences in 2007, along with a catch-up cam-
paign for 13-26 year old women which lasts until 2009.

(3) HPV-16 reactivation is enabled in females aged 45 in 2008, because it is assumed
that these women will already be from the post-sexual revolution cohort.

(4) A school-based vaccination of boys commences in 2013.along with a catch-up cam-
paign for 14-15 year old boys which lasts until 2015.
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(5) The model evolves until it reaches an endemic equilibrium when HPV-16 prevalence
does not change in time anymore.

Likelihood function

While the calibration procedure is comprehensively described in [17], we describe here the
choice of the likelihood function which is one of the key parts of the procedure.

The likelihood model we used is as follows. We assume that HPV-16 DNA preva-
lence Pa for each age group a ∈ 1, 6 reported by the WHINURS study is drawn from a
Beta distribution with shape parameters αa and βa. We will denote this distributions
as Beta(αa, βa). Let the simulated HPV-16 DNA prevalence for age group a be P ∗a . We
would like to choose parameters αa and βa so that the corresponding Beta distribution
has mean at P ∗a . Since we know that the expression for mean of a Beta distribution is
αa/(αa + βa), we can equate it to P ∗a and obtain that

βa = αa

(
1

P ∗a
− 1

)
.

Hence, we can define a log-likelihood function for the given data as follows,

log

{
6∏

a=1

betapdf

(
Pa, αa, αa

(
1

P ∗a
− 1

))}
=

6∑
a=1

log

{
betapdf

(
Pa, αa, αa

(
1

P ∗a
− 1

))}
,

where

betapdf

(
Pa, αa, αa

(
1

P ∗a
− 1

))
is a probability density function of Beta distribution evaluated at Pa.
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Calibration plot
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Figure 11: Claibration to the WHINURS data. The 95% confidence interval (grey area) is defined as
an area between the 97.5-th and 2.5-th percentiles.
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