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Appendix

Summary of the main components of the model

Step 1

Audit of invasive
cervical cancer

Baseline model

Age-specific cervical cancer incidence rates in the absence of screening
weighted to cancer registration statistics in 2011-2015

Cancer registry
incidence data

(level 11)
2007-2012 R(A, Po, So, Vo)
X
Step 2 Novel age-cohort-screening model

Risk of cervical cancer for each cohort given age in a population not offered
screening relative to those observed in 2011-15.

Audit of invasive
cervical cancer

(level 1)
1971-2013 R(A, P, SO, VO) = R(A, C+A, SO, VO)
X
Step 3a Cytology based screening among unvaccinated women

Relative risk of cervical cancer among screened women compared to never
screened women

(level 11)
2007-2012 R(A, P, S, Vo)
4 N~
Step 3b HPV primary testing Screening history
. categories
'::g;hci‘g Relative effectiveness of primary HPV
screening compared to cytology screening. Never Sc.ree”ed: regular
(level Il) Applied to unvaccinated women aged 25-64 screening and lapsed
from 2019 onwards in the ‘status quo attender
scenario’. % in each category taken
R(A, P, S*, Vo) from Cervical Screening
Programme statistics
x¥ /
Step 4 6-yearly HPV based screening among vaccinated women
Microsimulation* Relative risk of cervical cancer among vaccinated women (by screening
(level 111) history) compared to non-vaccinated (and never screened) women
R(A, P, S*,V)
x{ \
Step 5 Incidence rate in the population Vaccine type
Population Weighted average rate of women (in each age HPV 16/18 vaccine to
estimates and period) who have each combination of women born since 1995

screening and vaccination history.
Rpopulation(A, P)=ZS,V p(S*, V) X R(A, P, S*, V)

with 86% uptake in the
‘status quo scenario’.
Otherwise 9-valent

vaccine introduced in
2019

Figure 1. Legend: Step by step summary of how the different components of the model were
brought together. Level | refers to modelling using population cancer incidence data. Level Il using
individual woman data on screening exposure and cervical cancer diagnosis. Level lll uses
microsimulation to study the theoretical effect of screening and vaccination based on underlying
natural history. In the notation R is the risk, A is age, C is cohort, P is period, Py is baseline period
2007-12, p is proportion, Seis no screening, S* allows either cytology or HPV screening, Vo is no

vaccination.
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Age-period-cohort model. Predicted cervical cancer incidence rates up to 2040 assuming no
effect of screening

We have fitted a novel age-period-cohort (APC) model to cervical cancer incidence from 1971 to 2013, and
extrapolated over the next 25 years assuming a Poisson distribution of cancer events. Data on 125,348 women
diagnosed with cervical cancer age 25 to 79 from routinely collected statistics on cervical cancer (ICD-10 C53)
from 1971 to 2013 were included.® The APC approach is based on a log-linear model for the expected cancer
rates with additive components representing the temporal effects of age, period and cohort.* The idea of APC
models is to approximate the rate, which is a bivariate function of age and period, by an additive combination of
univariate functions of age, period and cohort.®

g(y(age,period)) = f,(age) + fp(period) + f.(cohort) D

where y is the incidence rate, f,, fp and f, are functions of age, period (i.e year of incidence) and cohort (i.e
year of birth) and g in the link function. We used a log link which sets the rate to be exponential. With a log-
link, we have:

incidence = H x exp{fp(period)} x exp{f.(cohort)} 2)

The functions f,, f» and f. were set to be natural cubic splines as they allow us to model more realistic trends
and projections under the assumption that changes occur smoothly rather than in sudden jumps.

Cohort effects reflect changes in risk factors across different birth cohorts. If exp{f:(1950) — f-(1930)}=2,
this implies that at all ages those born in 1950 have twice the risk of those born in 1930. For cervical cancer,
cohort effects reflect changes in sexual practices increasing the likelihood of infection by HPV virus which is
known to be a necessary cause of cervical cancer. To capture the fact that not only a higher proportion of
women are exposed to HPV, but that women are becoming exposed to HPV at younger ages, we have also
applied a horizontal shift to the cohort effect, which correspond to age of first exposure. We applied a 5-week
shift per year of birth to take into account earlier exposure to the HPV virus. The shift is applied to women born
after 1955 and we cap the shift at a maximum of 5 years. We use the following formula:

Model age = true age + (cohort-1955)*5/52 for cohorts born after 1955
Model age = true age for earlier cohorts

We then substitute “model age” for “age” in (1). The model is set up to stop splines from changing beyond
2013. This was done since it is the last year of observed data and the long-term effect of vaccination on cervical
cancer rates are not known. Similarly, geometric damping was applied to birth cohorts after 1981.

The period effect was set to 0 prior to the introduction of screening in 1988. To estimate incidence rates in the
absence of screening, we fit the full APC model (1) including f4, fr and f,, but then estimated counterfactual
rates using fitted f, and f only. Figure S1 below compares observed rates to projections based on the modified
APC model described above with a 5-week HPV-age adjustment.



Figure S1. Observed European age standardised cervical cancer rates per 100,000 women from 1970 to
2013 in England at ages 20 to 79 and projected rates in the absence of screening up to 2040.
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Relative effectiveness of primary HPV screening compared to cytology screening.

We assumed a sensitivity of HPV testing in cytology negative women of 80%, and 97% in cytology positive
women, giving an overall sensitivity of HPV testing of 93%. Further we assume that HPV testing does not
prevent any additional cancers within 18 months of the test (these would have been diagnosed symptomatically
or through cytology screening). For each screening history category we estimate (from the audit) the proportion
(P) of cancers with a negative cytology 18 months to 6 years before diagnosis and apply the sensitivity (S) of
HPV testing (in cytology negative women) to this to estimate the additional impact of HPV testing.® The rate
(relative to the rate with conventional screening) is then (1-P)+P(1-S).

Technical report on the microsimulation model used in this manuscript

Unusually we use a model that combines three levels of modelling: 1) Population level, we use incidence trends
to run an age cohort model to ascertain what rates would be like in the absence of screening; 2) Individual level
observable data, we use a case-control study of cervical cancer screening histories; and 3) Unobservable
individual level data, we model this using a microsimulation.

Note that calibration is mostly only an issue for the microsimulation part of the model and we (usually) use a
combination of all three components of the model in this manuscript.

Natural history

We have developed a microsimulation model® to simulate the natural history with respect to HPV and cervical
cancer for 1 million women, which begins at age 12 when all women are assumed to be HPV negative. Women
can transition between states every 6 months until age 80. We do not allow for hysterectomies or deaths prior to
age 80, nor for new HPV infections beyond age 65. The possible states are shown in Figure S2 below, and are
‘Susceptible’ (HPV negative), ‘new (HPV’, ‘persistent HPV’, ‘low-grade cervical intraepithelial neoplasia
(CIN)’, ‘high-grade CIN’, ‘asymptomatic cancer’ and ‘symptomatic cancer’. We use ‘asymptomatic’ to refer to
cancers that are only diagnosed as a result of screening, and ‘symptomatic’ cancers are diagnosed without (or
despite) screening, at the time of transition into the state of ‘symptomatic cancer’. In line with scientific
evidence "8, we assume that cervical cancer cannot occur without HPV infection.

We have divided HPV strains into 16/18 and other high risk HPV. As well as progressing to more advanced
states, it is also possible to regress to less advanced states: from ‘HPV positive’ to ‘HPV negative’, ‘low grade
CIN’ to ‘HPV negative’, and ‘high grade CIN’ to ‘HPV negative’. The transition probabilities are HPV -type and
age dependent. The model is not completely Markov, as the probability of regressing or progressing from an
HPV-positive state depends on the time since HPV infection. We used an iterative process to estimate the
transition probabilities, using estimates in the literature as a starting point °, until the simulated HPV prevalence
rates were within 15% (relative) of the published age-specific HPV prevalence data from the ARTISTIC trial in
England ° (Figure S3). We also ensured the proportion of cancers caused by high-risk HPV!! and the lifetime
risk of cervical cancer in the absence of screening produced realistic results for England — as the lifetime risk in
the absence of screening is unobservable, we used data from Finland in 1972-6 as the lower limit and Brazil in
1973 as the upper limit 2. The six-monthly transition probabilities are given in Table S5 below.

The model was run independently for HP\VV16/18 and non-16/18 HPV types, and the results were combined, by
taking the more advanced state at each time point. This allowed us to calibrate the simulated data to observed
overall HPV prevalence. We assumed that 10% of the population had a higher risk of becoming infected with
both HPV-16/18 and non-16/18 HPV strains; this was modelled by increasing the ‘HPV negative’ to ‘HPV
positive’ probability for both HPV16/18 and other high risk HPV infections by 20% for these individuals.

Probabilities and random numbers were generated using a Mersenne Twister, and the model was implemented
in C++,

HPV Vaccination

HPV vaccination was introduced in England in 2008. Initially girls aged 12/13 were offered the vaccine in
school, though a ‘catch up’ cohort of women aged 14-18 were also offered the vaccine. In all vaccination cases,



we assume all three doses of the vaccine occurred at age 12, prior to infection with HPV. We use results from
three vaccination scenarios:

1 No vaccination

2  The vaccine currently used in England (Gardasil), is a quadrivalent vaccine which we assume in the
simulation initially prevents all HPV 16/18 (as well as HPV 6/11, which are associated with genital warts,
but not cervical cancer), but wanes by 0.25% (absolute) every year, and initially prevents 15% of other
high risk HPV strains (cross-protection), waning by 0.0375% per year. We estimated the level of cross-
protection for the quadrivalent vaccine from a weighted average of the level of protection against 6 month
type-specific HPV persistence 3, weighted by HPV type prevalence in cancers not caused by HPV16/18 4.

3 The vaccine which is very likely to be introduced in England in the coming years, a nonavalent vaccine
Gardasil-9, preventing all HPV 16/18 initially, but waning by 0.25% every year, and initially preventing
67% of other high risk HPV strains, waning by 0.1675% per year.

Screening programme and treatment

We consider two levels of screening (regular screening and lapsed screening), as well as cancer risk in the
absence of screening. In regular screening, everyone attends when they are invited. In lapsed screening, women
attend one or two out of every three consecutive rounds of screening they are invited to. Initially unvaccinated
women are invited for screening by cytology every 3 years if aged 25-49 and 5-yearly if aged 50-64, though we
consider the effect of implementing HPV testing at a range of years. Vaccinated women are invited for 6-yearly
HPV testing with cytology triage (i.e. a cytology test if the HPV test is positive) from ages 25-64.

At each routine screening event an HPV test with 96% sensitivity was performed?®; for those who tested HPV
positive a cytology test was carried out, with 70% sensitivity for low-grade CIN, 85% for high-grade CIN (the
sensitivity to CIN2+ was 85.6% in a trial*® and 92% for asymptomatic cancer.

If the cytology test was positive, then women were assumed to be treated successfully in 90% of high-grade CIN
cases (allowing for some treatment failure and some women not to return for treatment). 5% of low-grade CIN
was also assumed to be treated successfully. Women who were HPV positive but cytology negative were
recalled one year later, and if still HPV positive recalled once more one year later. After three consecutive HPV -
positive and cytology-negative results, women were referred to colposcopy, where 90% of high-grade CIN was
treated successfully, and women with HPV or low-grade CIN were invited back a year later.

Once successfully treated, women who would have developed cancer in the absence of screening had a 0.09%
per annum chance of developing cancer *'.

Cancer is diagnosed when transition occurs into the symptomatic cancer state, or when cancer is detected
through screening. Therefore in the absence of screening only symptomatic cancers are diagnosed.



Figure S2: Natural history states and possible transitions in the microsimulation model
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Figure S3: Validation of simulated HPV prevalence to observed HPV prevalence in the ARTISTIC study?®, by age
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Six-monthly transition probabilities between natural history states

High risk All other high risk
Transition HPV (16/18) HPV
Probability Probability
Susceptible to HPV positive
Under 18 years old 0.035 0.031
18 -23 0.049 0.045
24 -29 0.016 0.014
30-39 0.0055 0.004
40 - 54 0.0025 0.0018
55— 64 0.0012 0.0012
HPV positive to low-grade CIN 0.062 0.04
New (< 18 months) HPV [] Susceptible
Under 23 years old 0.21 0.22
23-34 0.27 0.28
35+ 0.27 0.28
Persistent HPV to Susceptible 0.119 0.119
Low-grade CIN to Susceptible 0.172 0.182
Low-grade CIN to high-grade CIN 0.03 0.03
High-grade CIN to Susceptible 0.01 0.01
High-grade CIN to Asymptomatic cancer
Under 30 years old 0.0015 0.0015
30-34 0.0025 0.0025
35-39 0.0035 0.0035
40 -49 0.0065 0.0065
50 — 61 0.009 0.009
62 + 0.011 0.011
Asymptomatic cancer - symptomatic cancer 0.145 0.145




Introduction of primary HPV screening into the cervical screening programme

Primary HPV screening rolled out in all laboratories in England in year 1
Age Year 1 (HPV Year 2* Year 3* Year 4T Year 5 Year 6+ Year 7 Year 8 Year 9 Yearl0
introduced)
25-49 0% 13% 13% 13% 13% 13%
(87%x1/3%) (87%x2/3¢) (87%x3/3%)
50-64 0% 10% 10% 10% 10% 10% 10% 10% 10% 10%
(90%x1/5) (90%x2/5) (90%x3/5) (90%x4/5) (90%x5/5)

*HPV will have an effect among those asked to return earlier due to a positive HPV test/negative cytology. The proportion of women aged 25-49 on cytological surveillance is
13% and those age 50-64 is 10%.%®
T Reduction in cervical cancer age 25-29 first observed
+ Reduction in cervical cancer age 50-64 first observed
£In any given year 33% of women under age 50 will be invited for screening (20% of those age 50-64). Hence in year 4, 87% of the 33% (because 13% were already on early
recall) will attend for screening (having been first screened in yearl).

Vaccine coverage, birth cohort, proportion protected and year they enter the screening programme.

Birth cohort Coverage! Vaccine age % protected® Year enter screening
01 Sept 95 — 31 Aug 97 0-862 12/13 100 2020-2022

01 Sept 94 — 31 Aug 95 0-685 14/15 95 2019

01 Sept 93 — 31 Aug 94 0-686 15/16 90 2018

01 Sept 92 — 31 Aug 93 0-417 16/17 85 2017

01 Sept 91 — 31 Aug 92 0-389 17/18 80 2016

01 Sept 90 — 31 Aug 91 0-474 17/18 80 2015

Coverage for the catch-up cohort taken from national statistics®®.

2Three dose HPV coverage among women vaccinated age 12/13 %°.

3Based on data from Mesher et al?* which shows that the prevalence of HPV16/18 in women aged 16 to 18 is 19-1

and it remains around the 17-20% mark up to age 25.




Table S3. Average 5 year population estimates used to calculate cervical cancer rates®

2014 2016-20 2021-25 2026-30 2031-35 2036-40
251029 1857200 1905420 1946340 1715900 1819560 1956025
30 to 34 1862900 1902560 1946340 1860480 1753600 1837225
351039 1701200 1847400 1908860 1950740 1865380 1761925
40 to 44 1869000 1728300 1845540 1905820 1947880 1873800
4510 49 1983100 1901580 1725060 1841540 190210 1947925
50 to 54 1877400 1968580 1891740 1717800 1834440 1889825
55 to 59 1610400 1806560 1947240 1873080 1703380 1811150
60 to 64 1487800 1552020 1773600 1913620 1843520 1676200
65 to 69 1528900 1476600 1506980 1725000 1864300 1815925
70to 74 1146800 1388640 1404700 1439120 1651920 1791475
75t079 964600 1017460 1275980 1298120 1337980 1520150
All ages 17889300 18495120 19172380 19241220 17812170 19881625




Table S4. Coverage by age group in the scenario where screening is phased out from the population.

2016-20 2021-25 2026-30 2031-35 2036-40

Never Lapsed Regular | Never Lapsed Regular | Never Lapsed Regular | Never Lapsed Regular | Never Lapsed Regular
25-29 0-64 0-06 0-30 1-00 0-00 0-00 1-00 0-00 0-00 1-00 0-00 0-00 1-00 0-00 0-00
30-34 072 0-16 0-12 0-64 0-35 0-01 1-00 0-00 0-00 1-00 0-00 0-00 1-00 0-00 0-00
35-39 0-75 0-18 0-08 0-78 0-21 0-00 0-64 0-37 0-00 1-00 0-00 0-00 1-00 0-00 0-00
40-44 0-77 0-17 0-06 0-82 0-18 0-00 0-84 0-16 0-00 0-91 0-09 0-00 1-00 0-00 0-00
45-49 0-77 0-18 0-06 0-84 0-16 0-00 0-89 0-11 0-00 0-96 0-04 0-00 1-00 0-00 0-00
50-54 0-82 0-12 0-06 0-85 0-14 0-01 0-93 0-07 0-00 0-98 0-02 0-00 1-00 0-00 0-00
55-59 0-76 0-17 0-07 0-87 0-12 0-01 0-93 0-07 0-00 0-99 0-01 0-00 1-00 0-00 0-00
60-64 0-74 0-18 0-09 0-84 0-15 0-01 0-93 0-07 0-00 0-99 0-01 0-00 1-00 0-00 0-00
65-69 0-74 0-18 0-09 0-84 0-15 0-01 0-93 0-07 0-00 0-99 0-01 0-00 1-00 0-00 0-00
70-74 0-74 0-18 0-09 0-84 0-15 0-01 0-93 0-07 0-00 0-99 0-01 0-00 1-00 0-00 0-00
75-79 0-74 0-18 0-09 0-84 0-15 0-01 0-93 0-07 0-00 0-99 0-01 0-00 1-00 0-00 0-00
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