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Abstract

In 2020, the WHO launched its first global strategy to accelerate the elimination of cervical
cancer, outlining an ambitious set of targets for countries to achieve over the next decade.
At the same time, new tools, technologies, and strategies are in the pipeline that may
improve screening performance, expand the reach of prophylactic vaccines, and prevent
the acquisition, persistence and progression of oncogenic HPV. Detailed mechanistic
modelling can help identify the combinations of current and future strategies to combat cer-
vical cancer. Open-source modelling tools are needed to shift the capacity for such evalua-
tions in-country. Here, we introduce the Human papillomavirus simulator (HPVsim), a new
open-source software package for creating flexible agent-based models parameterised with
country-specific vital dynamics, structured sexual networks, and co-transmitting HPV geno-
types. HPVsim includes a novel methodology for modelling cervical disease progression,
designed to be readily adaptable to new forms of screening. The software itself is imple-
mented in Python, has built-in tools for simulating commonly-used interventions, includes a
comprehensive set of tests and documentation, and runs quickly (seconds to minutes) on a
laptop. Performance is greatly enhanced by HPVsim’s multiscale modelling functionality.
HPVsim is open source under the MIT License and available via both the Python Package
Index (via pip install) and GitHub (hpvsim.org).

Author summary

Mathematical models have been integral in setting ambitious goals for cervical cancer
elimination, along with determining intermediate targets for vaccination, screening, and
treatment. However, given that elimination strategies encompass decade-long timelines,
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these targets will inevitably need updating over time as the landscape of available technol-
ogies for combating cervical cancer evolves. In this work, we introduce a new model,
HPVsim, which can rapidly evaluate pathways toward elimination under complex combi-
nations of new and existing interventions. We demonstrate several of the model’s key fea-
tures, including a novel multiscale modelling feature for reducing variability, and outputs
from fitting the model to data from India. HPVsim is a community-driven software proj-
ect which continues to evolve as collaborators strengthen the software for ongoing work.
We present some illustrative workflows for conducting an analysis with the HPVsim soft-
ware, to highlight how the model can be adapted to specific user needs.

1. Introduction

In August of 2020, the World Health Organization adopted its first ever strategy to perma-
nently end cervical cancer as a global public health problem [1]. The Global Strategy to Accel-
erate the Elimination of Cervical Cancer proposes targets of 90% of girls vaccinated against
human papillomavirus (HPV, the virus that causes cervical cancer) by age 15, 70% of women
screened by age 35 and again by 45, and 90% compliance with treatment recommendations for
pre-cancer and management of invasive cancer. The ability for countries to achieve these
ambitious targets was bolstered in April of 2022, when the WHO Strategic Advisory Group of
Experts on Immunization (SAGE) completed a review of HPV vaccine dosing schedules and
concluded that one dose of the vaccine provides comparable efficacy to two or three doses [2].
With more doses now available, the pathway towards cervical cancer elimination has become
more achievable for many countries, including those with the highest burden.

The formulation of the goal to eliminate cervical cancer and the strategies that might get us
there has been informed by the results of a well-established set of mathematical models [3-8].
Models have also been instrumental in evaluating and incorporating new technologies into
guidelines and health policies worldwide [9-13]. These models continue to provide valuable
insight to guide cervical cancer elimination. The software that we introduce in this paper dif-
fers from the existing suite of models in several ways, two of which are particularly important
for the kinds of questions that can be asked of the model. Firstly, shifts in our understanding
of HPV epidemiology and the emergence of new screening tools have prompted calls for mod-
els that are less reliant on cytologic, colposcopic, or histologic diagnoses [14]. Secondly,
demand for open-source software in general, and open-source scientific models in particular,
has been continually increasing in response to tighter standards of transparency, reproducibil-
ity, and accessibility [15-18]. Agent-based models in particular offer advantages arising from
their ability to capture correlated heterogeneities, for example between socio-economic status,
geographical location, and access to healthcare.

In this paper, we introduce software for creating, calibrating, and analysing agent-based
models of HPV and cervical disease, called the Human papillomavirus simulator (HPVsim).
HPVsim is built upon the architecture and design of the Starsim modelling platform, a flexible
Python-based framework for epidemiological modelling which thus far includes Covasim for
modelling COVID-19 [19], FPsim for family planning [20], and Synthpops for population
modelling [21]. Because this core software architecture has been described in detail elsewhere,
in this paper we mainly focus on the two key innovations of HPVsim: (1) on the science side,
HPVsim is designed to complement the existing suite of HPV models by offering a novel
methodological approach to modelling HPV’s natural history; and (2) on the software side, we
introduce a multiscale modelling technique that substantially decreases the variability of
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agent-based simulations. To test the scientific realism of HPVsim, we created a model of HPV
transmission in India in collaboration with the National Disease Modelling Consortium of
India. The details of this model are interwoven throughout the following section on design
and implementation, and additional examples of HPVsim’s use are contained in the results
section along with validation of the multi-scale approach.

2. Design and implementation
2.1 Populations and networks

2.1.1 Overview. HPVsim models agents (i.e., people) over time, simulating the transmis-
sion of HPV within sexual networks and the progression of HPV to cervical dysplasia and cer-
vical cancer within individuals. When a simulation is initialised, it creates a population of
agents with an age pyramid based on the desired country [22]. Demographic updates are made
annually to account for births, deaths, and migration, using UN data (Table A in S1 Text).
HPV is transmitted between sexually active agents over sexual networks, which can be config-
ured by the user by adjusting various input parameters (Table B in S1 Text). The sexual net-
works are generated by an algorithm described in detail in Table C within the S1 Text, but
which can be briefly summarised as a female-driven partner selection algorithm that assigns
males to female partners based on age and other preferences (e.g., type of relationship, concur-
rency, and geospatial location), and then determines the relationship duration, propensity for
condom use and frequency of sex for each relationship based on the age and preferences of
both parties. Similar kinds of agent-preference algorithms have been used in other agent-based
models [23], and we chose to follow this approach here because it allows the network to be
more easily parameterised with respect to available sexual behaviour data (as compared to
using a mechanistic topology, for example).

2.1.2 Example: Parameterising a sexual network for India. To create a sexual network
model for India, we used data from the Demographic and Health Surveys (DHS) Program to
inform the distribution of the ages of sexual debut for both males and females, and adjusted
the marriage incidence rates to match reported DHS data on the proportion of women mar-
ried by age (Fig A in S1 Text). According to the DHS, very few women in India have extra- or
pre-marital partners. To capture this, we used a negative binomial distribution for the degree
distribution of female’s casual contacts, with parameter values chosen so that ~90% of women
have no non-marital partners.

2.2 HPV transmission

HPVsim models HPV transmission within partnerships with per-act probability 3, for geno-
type g By default, HPVsim captures three genotype groups: types 16, 18, and a pooled group
of all other oncogenic types. This latter group can also be disaggregated into the five types pre-
ventable by the 9-valent vaccine (“Hi5”, consisting of 31, 33, 45, 52, 58) and other high-risk
types (OHR, consisting of 35, 39, 51, 56, 59), and we use these two genotype groups along with
types 16 and 18 for the examples shown throughout this paper. For simplicity, we assume that
individuals can only have a single infection with a given genotype at a time, i.e. a person cur-
rently infected with genotype g cannot get a second infection with the same genotype. We do,
however, allow multiple concurrent infections with different genotypes. In the absence of clear
data to inform within-host genotype competition and given the delay in seroconversion and
antibody development to provide own- and cross-immune protection [24,25], we assume
HPYV infections are independent; agents are no more or less likely to acquire an infection of a
different genotype if they are currently infected. The probability of a person i infected with
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genotype g transmitting to a susceptible person j at time step ¢ can be written as:

Aijgt) = (1 —(1— B, (1 — eff-cond x cond))"m x (1— inf_immjg(t))) (1)

where f3, is the per-act transmission probability of genotype g, eff_cond is the assumed efficacy
of condoms (set to 50% by default), cond is the probability of condom use within this partner-
ship, and n(t) is the number of sexual acts within this partnership during time step ¢. The
parameter inf_imm; ,(t) describes person j's protective immunity to infection against genotype
g which can be conferred by either infection (Table D in SI Text) or vaccination (Table E in
S1 Text). We assume men do not acquire neutralising immune protection after clearing infec-
tion, based upon a meta-analysis of natural acquired immunity [26].

2.3 Disease natural history

2.3.1 Motivation and overview. Historically, cervical disease was classified into histologi-
cal grades depending on how much of the overall thickness of the epithelium contained neo-
plastic cells (CIN1 = basal third, CIN2 = up to two-thirds, CIN3 = more than two-thirds). This
classification system meant that data from HPV screening programs could be used to estimate
transition probabilities between these states, and these transition probabilities form the basis
of the most frequently used set of existing published HPV models [27].

When designing a natural history model for HPVsim, a core aim was to decouple the mod-
el’s representation of disease progression from the particular type of screening method or clini-
cal classification system used, since both of these have evolved substantially over the past
decade (e.g., the above-mentioned histological grades are no longer recommended) and con-
tinue to evolve as new methods are made available (e.g., AI-based visual evaluation tools
[28,29]). The fundamental idea behind our method is driven by the fact that the longer an
infection persists, the more likely it is to progress to cancer. This could theoretically be mod-
elled via a single function that would link the duration of infection to the probability of cancer
(which was the approach taken in [30]), but then we would not be able to make use of cervical
screening data on the prevalence and genotype distribution of precancer. To incorporate
screening data, we create a continuous function that defines the relationship between the dura-
tion of infection and the onset of precancer. The presence of high-grade squamous intraepithe-
lial lesions (HSILs) is the most frequently-used marker of precancer, although other diagnostic
signals may also be used.

In brief, the algorithm behind our natural history model is as follows. First, we sample the
duration of HPV infection prior to either clearance or the onset of precancer (Fig 1A). Longer
infections are more likely to result in the development of precancer, so we define a relationship
linking these (Fig 1B). We then sample the duration of precancer prior to clearance or cancer
(Fig 1C). The longer that a woman sustains precancer, the more likely it is that she will develop
cancer; this is reflected in Fig 1D, which should be interpreted as the probability that a woman
with precancer that persists for more than X years developing cancer, noting that this does not
specify at what point the cancer will commence since this is dictated by the durations given in
Fig 1C. The core algorithm as depicted in Fig 1 uses HSILs as the indicator of precancer, but
HSILs could be replaced by another biomarker if desired.

2.3.2 Choice of distributions. For all the components of our natural history model - the
distribution of infection duration, the duration-to-precancer function, and the probability of
cancer beginning — we need a functional form and default parameters. In this section we
describe the functional forms (same for all genotypes), while the next section describes the
parameter values (which vary by genotype).
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Fig 1. Infection and progression dynamics for types 16, 18, Hi5 (a pooled group consisting of types 31, 33, 45, 52,
and 58), and OHR (a pooled group consisting of 35, 39, 51, 56, and 59). (A) The duration of HPV infection prior to
either clearance or the onset of high-grade squamous intraepithelial lesions (HSIL) follows a log-normal distribution,
with parameter values varying by genotype. (B) The mean relationship between the duration of infection, genotype, and
the probability of developing precancer. (C) The duration of precancer prior to either clearance or the onset of cancer
follows a log-normal distribution, with parameter values varying by genotype. (D) The probability that precancer
lasting for at least X years will lead to cancer at the end of the duration drawn from the distribution in panel C.

https://doi.org/10.1371/journal.pchi.1012181.9001

For the distribution of the duration of infection, we use a log-normal distribution, since
parameterising this with respect to available data is straightforward (see next section). For the
duration-to-precancer function, we first consider the properties that this function should have.
Available evidence suggests that women tend to spend relatively less time with no or clinically
insignificant lesions, and longer with higher-grade precancerous lesions [31-33]. This can be
parsimoniously modeled using the concave part of a logistic function, such that the probability
of precancer with genotype g after ¢ years in individual i is:

. 2
prob(precancerlt, g, i) = TTop(ovkd) 1 (2)
ivg

where v; is an individual effect that accounts for the fact that not all infections will progress at
the same pace, and is drawn from a normal distribution with mean of 1, k, is a genotype-spe-
cific growth parameter that determines how quickly infections progress, and ¢ is the number of
years since infection.

We again use a log-normal distribution for the distribution of the duration of precancer,
with parameterisation described in the next section. Finally, we need to specify a model of the
probability of precancer progressing to invasive cervical cancer. This is a binary outcome and
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depends on the extent and persistence of dysplasia in the cervical cells, so we use a standard
geometric distribution and model the probability of cancer with genotype g after ¢ years in
individual i as:

prob(cancer begins after t years|t,g,i) =1 — (1 —pg)PPCt'g'i (3)

The parameter p, represents the probability of a given cell becoming cancerous at any point
in time, while the exponent PPC, ¢ ; represents the cumulative probability of precancer (i.e., the
integral of Eq 2). The exact form of PPC,; is given by:

2log(exp(—vik,t) +1) 2log(2
PPC,,, = 8 Xp(vk DD :’i( )y (4)
itvg itvg

The function in Eq 4, while complex at first glance, has three features to recommend it.
Firstly, because it’s a smooth approximation to a ramp function, it implies that there is an
almost-zero probability of cancer beginning within the first few years of an infection, in line
with the consensus understanding of the timeline to the onset of cervical cancer [31-33]. Sec-
ondly, it has an intuitive interpretation as the cumulative precancerous time of an infection
(i.e., the integral of Eq 2). Finally, it does not rely on any additional parameters aside from
those already used in Eq 2.

2.3.3 Parameterising the natural history model. All in all, our method for modelling
HPV’s natural history has 6 parameters per genotype: the mean and standard deviation of the
duration of infection, the growth rate kg in the infection-to-precancer function, the mean and
standard deviation of the duration of precancer, and the per-cell probability of becoming
cancerous at any given point in time. To parameterise this, we define precancer as the presence
of high-grade lesions (HSIL), since this corresponds to the data we have.

For the distribution of type 16 infection durations, we use default values which imply that
~50% of infections clear within 12 months and 60% within 24 months, in line with the findings
from the Guanacaste cohort study [33]. Values for remaining genotypes are listed in Table F in
S1 Text.

To find values for kg, pg, and the mean and standard deviation of the duration of HSIL, we
used the sexual network for India described in Section 2.1.2 and estimated the natural history
parameters by calibrating to cervical cancer cases by age, the distribution of HPV types found
within women with high-grade precancerous lesions and the distribution of HPV types found
in women with invasive cervical cancer. All data were taken from Globocan 2020 estimates
and HPV Information Centre compiled meta-analyses. We ran 10,000 trials searching for
parameters that minimised the sum of the normalised absolute differences between the model
and these data. This resulted in parameter values documented in Table F in S1 Text, with
model fit shown in Fig B in S1 Text, and comparison to Globocan estimates in Fig C in
S1 Text.

Using these estimated parameter values, we obtain the natural history model shown in Fig
1, including the infection-to-precancer function in Fig 1B, the probability of cancer shown in
Fig 1C. Fig 2 then shows some additional validation plots for our natural history model of
India. The dwell times in each state shown in Fig 2B, and are in line with other models [27].
The share of women who would be observed in a given health state X years after their initial
infection is plotted in Fig 2C and 2D, and is in line with available observational data [31]. In
separate work, we further validated our model by applying these estimates to 30 additional
countries [30], under the expectation that the natural history should not vary substantially
across settings.
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Fig 2. Implied outcomes from HPVsim’s natural history model for India. (A) Age distribution of key health events
in the lead-up to cervical cancer, including the age at which women acquire the HPV infection that will eventually lead
to cancer (causal infection), the age at which high-grade lesions develop, and the age of onset of cancer, (B) Dwelltimes
for no or low-grade lesions and high-grade lesions, for women who progress to cancer. (C+D) Estimated distribution
of outcomes for all HPV infections (C), and conditional on persistence (D).

https://doi.org/10.1371/journal.pcbi.1012181.9002

2.3.4 Other implementation details. Performance: To optimise performance, we deter-
mine all prognoses upon infection, including the precise time points on which a woman will
either clear infection or eventually progress to invasive cervical cancer. These prognoses can
be updated at later dates in response to interventions (e.g. screening and treatment) or changes
in a state of immune compromise, such as untreated HIV infection. Pre-specifying prognoses
in this way means that we only need to change the health state of a small subset of women in
each timestep.

Men: For men, a duration of infection is sampled from a log-normal distribution and date
of clearance assigned at the time of infection. We do not model persistent infections in males
or any associated precancer/cancer outcomes.

Immunity: There is some evidence to suggest that women who clear an HPV infection and
are reinfected have a reduced probability of persistent infection or high-grade lesions [34]. We
capture this using an immunity parameter that reduces the average duration of re-infections of
the same type, and also confers some cross-immunity (Table D in SI Text).

Age: There is some debate about the extent to which age plays a role in exacerbating the
likelihood of an infection persisting or progressing to high-grade lesions [35]. In HPVsim, we
include an age-modifying effect that increases the likelihood of persistence in women over the
age of 30.

HIV: HPVsim can also capture the impact of HIV infection on HPV acquisition and natu-
ral history. At each time step, individuals in the simulation can be exogenously infected with
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HIV based upon their age, sex and the year of the simulation. Upon infection, the ART adher-
ence of that agent is determined, which will then be used to modify any future risk of HPV
acquisition and progression. While individuals adherent to ART can fail to suppress HIV or
experience immune reconstitution, for simplicity we assume an individual’s immune state is
directly proportional to adherence. At the point of HIV infection, for individuals with preva-
lent HPV infection, the prognoses are modified using relative risk estimates derived from a
meta-analysis (Table I in S1 Text).

2.4 Interventions

The central pillars of the global public health response to HPV consist of prophylactic vaccina-
tion programs, cervical screening programs, and treatment of both precancerous lesions and
cancer. HPVsim allows users to model these standard interventions (Table 1), and additionally
to define their own custom ones that might reflect country-specific strategies for prevention
and treatment. The general design of the standard interventions (screening, triage, treatment,
and prophylactic vaccination) is intended to allow users to flexibly specify both the product
and the details of its delivery.

2.5 Multiscale modelling

In agent-based modelling, it is common for one "agent” to represent more than one person (or
more precisely, for agents to represent a statistical sample of the population, much like in a sur-
vey). However, a problem arises when some events being simulated are very frequent (such as
HPYV infection, affecting a majority of people), and other events are very rare (such as develop-
ing cervical cancer, affecting roughly 1 in 150 women). Under these circumstances, agent-
based modelling can produce considerable stochastic variation, especially with smaller simu-
lated population sizes. To illustrate this, consider using a binomial distribution to estimate the

Table 1. Overview of interventions included in HPVsim.

Intervention Core assumptions, all user-modifiable
Prophylactic Efficacy: a single dose of a prophylactic vaccine is assumed to confer neutralising immunity
vaccination to the genotypes that it is specifically targeted at, with efficacy of 97.5% [36], as well as some

cross-immunity to other genotypes (Table E in S1 Text) Duration of protection: By default,
no waning of immunity [37-39], with an option to include waning.
Delivery: Flexibly defined by the user; see examples at docs.hpvsim.org.

Screening and triage | Screening products: HPV DNA testing, cytology, and visual inspection with acetic acid
(VIA) have been built into HPVsim, using sensitivity and specificity assumptions
documented in Table G in S1 Text. Other products can be added following examples
provided in the model documentation.

Delivery: Flexibly defined by the user; see examples at docs.hpvsim.org.

Treatments for Treatment products: Thermal ablation is assumed to be 93% effective at removing lesions
precancer [40,41]; excisional treatments are assumed to be 95% effective at removing lesions [42];
both are assumed to be 80% effective at clearing infection [43,44].
Delivery: Flexibly defined by the user; see examples at docs.hpvsim.org.

Treatments for cancer | Radiation therapy is included with HPVsim and extends the lifespan of people with invasive
cancer. Chemotherapy and surgery are not included by default, but can be added as custom

interventions.
Therapeutic Therapeutic vaccine products: There are currently no therapeutic vaccine products on the
vaccination market, although at least one clinical trial is underway [45,46]. HPVsim includes options for

modelling therapeutic vaccination. The default assumptions are that the therapeutic vaccine
will be delivered as a two-dose regimen targeted at types 16 and 18, with the two doses in
combination having 50% efficacy at regressing high-grade lesions and 90% efficacy at
virological clearance. Different assumptions can be explored by changing these parameters.
Delivery: Flexibly defined by the user.

https://doi.org/10.1371/journal.pchi.1012181.t001
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expected number of cancer cases in a given year. With a population size of 10k agents, our best
estimate would be 66 cases, with a 95% prediction interval of 48-86 cases. From year to year
and simulation to simulation, we would observe a high degree of variability, with a coefficient
of variation (CoV) of 0.12. Under this simplified framework, a tenfold decrease in the simu-
lated population size translates to a 1/10-fold increase in the coefficient of variation in the esti-
mated number of cases. Avoiding large variability would therefore typically require large
population sizes. To avoid this, HPVsim uses a novel approach called multiscale modelling to
optimise computational efficiency.

In a multiscale modelling approach, different types of agents are modelled with different
levels of "resolution” or "sampling.” For example, for a population of 10 million people being
modelled, specifying 100,000 agents is roughly the number of agents required to provide a
good tradeoff between statistical accuracy and simulation speed. This means there is a scale
factor (or "weight") of 100 for each agent (or put another way, people are downsampled by
100). We call these "Level 0" agents since they are at the lowest (default) level of resolution.
These are the agents who participate in the sexual mixing network, who are able to contract
and transmit HPV, and who can give birth to new agents. "Level 1" agents have a lower scale
factor (higher resolution, lower weight per agent), and correspond to agents who will (without
intervention) develop cancer. These Level 1 agents all have HPV (we adjust to prevent double-
counting), but do not participate in the disease transmission network; instead, only their dis-
ease progression is tracked.

When an agent becomes infected with HPV, their disease duration and outcomes are pre-
calculated (although these can be later modified through screening, treatment, and other inter-
ventions). This is when multiscale modelling is applied. A schematic illustration of the algo-
rithm is shown in Fig 3, with the complete algorithm outlined in Table H in S1 Text.

3. Results
3.1 Variance reduction from multiscale modelling

In Fig 4, we compare two key simulation features — variability and simulation time - as a func-
tion of the multiscale agent ratio and the number of agents in the simulation. To produce this
figure, we ran ten simulations for each combination of the multiscale agent ratio and the num-
ber of agents, and computed the coefficient of variability (CoV) in deaths and the overall aver-
age time per simulation. As an example, suppose we were running a simulation with 50k
agents without multiscale (the second largest dark blue dot on Fig 4). This would take ~15 sec-
onds to run and produce a CoV of 0.028 across 10 simulations. To decrease variability, we
could either increase the number of agents or increase the multiscale ratio. If we increased the
number of agents to 100k, our simulation would take almost twice as long (~28 seconds) and
would produce a CoV of 0.023 (the largest dark blue dot on Fig 4). By contrast, if we increased
the multiscale agent ratio to 100, we would see a slightly smaller increase in simulation time
(to 26 seconds), but the CoV would decrease by much more, to 0.007 (the second largest yellow
dot on Fig 4).

3.2 Representing diverse sexual networks

For this example, we created two different sexual networks to highlight how patterns of sexual
behaviour affect HPV epidemiology and outcomes. The first represents a setting where pre-
marital sex is relatively common, which we model by assuming a Poisson distribution for
women’s preferred number of partners, with 80% of women preferring to have at least one
casual partner. The second represents a setting where premarital sex is very rare, and 90% of
women have no non-marital partners, i.e. similar to the model for India that we developed
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Fig 3. Schematic example of multiscale modelling implementation. In this illustration, there are N = 3 agents, the probability of developing precancer is 67%,
the probability of developing cancer given precancer is 50%, the scale factor ("weight") for level 0 agents (non-cancer, green) is SO = 4, the scale factor for level 1
agents (cancer, red) is S1 = 1, and therefore the multiscale agent ratio is S0/S1 = 4. On the initial step of the algorithm, there are three agents, each with a scale
factor of 4, representing 12 people without cancer (Z(scales) = 4+4+4 = 12). On the second step, two level 0 agents (with UIDs a and c) develop precancer; one
of these agents then develops cancer, and has her scale factor changed from SO = 4 to S1 = 1. Both precancer agents then generate three new potential level 1
agents; of these six new potential cancer agents, three develop cancer and become level 1 agents (with UIDs d, e, and f assigned sequentially when created). On
the third step, the three original level 0 agents (including one with precancer and one with cancer) are combined with the three new level 1 agents (all with
cancer) to form the new list of N = 6 agents. Note that although there were N = 3 agents on step 1 and N = 6 agents on step 3, the sum of the scale factors
(weights) of the agents remains the same, i.e. 4+4+4 = 4+4+1+1+1+1 = 12.

https://doi.org/10.1371/journal.pcbi.1012181.9003

throughout Section 2. In order for HPV to transmit in this second setting, we assume signifi-
cant overdispersion in the degree distribution for females, i.e. most women have no partners
and a small number have many partners. We capture this using a negative binomial distribu-
tion for women’s preferred number of partners, parameterised with n = 0.025 and probability
of success p = 0.0125. In each setting, we will assume that 25% of married males and 2.5% of
married females have extra-marital relationships, and in each setting we assume the age of sex-
ual debut is log-normally distributed with a mean of 17 for females and 20 for males, and a
standard deviation of 2 for both sexes.

In Fig 5, we plot the degree distribution for each setting, and alongside this we plot the dis-
tribution of ages at which key health events in the lead-up to invasive cancer take place. The
median age at which women who eventually proceed to invasive cervical cancer acquire their
casual HPV infection is 25 years in the setting where premarital sex is common, and 30 years
in the setting where premarital sex is rare. Without widespread premarital sex, a small share of
sexually active women acquire HPV at a young age, but the majority of women acquire HPV
later, after their spouse transmits an infection acquired from an extra-marital relationship.
This would have implications for the ideal age to target for cervical screening programs, as
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Fig 4. Trade-off between variability (measured by the coefficient of variation in deaths) and simulation time.
Simulation times are calculated as the average across 10 simulations. MS ratio = multiscale ratio, and represents the
ratio between the number of people represented by agents without cancer and the number represented by agents with
cancer (see Fig 3).

https://doi.org/10.1371/journal.pcbi.1012181.9004

well as delivery of other interventions like a therapeutic vaccine. In real world settings, the age
of causal infection is also affected by other aspects of the sexual network dynamics, including
the age of sexual debut, the incidence of marriage by age, and the typical age differences
between partners. Fig A in S1 Text shows how the model can be fit to these additional metrics.
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Poisson degree distribution

Age distribution of key health events
Poisson degree distribution
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Fig 5. Relationship between the sexual network and the age of causal HPV infection (i.e., the age at which the
infection that leads to cancer is acquired). The top row describes a setting where pre/extramarital sex is common,

while the bottom row describes one where very few women have sexual partners outside of marriage.

https://doi.org/10.1371/journal.pcbi.1012181.g005
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3.3 State-level variability in cervical cancer incidence and screening in India

There are large differences in reported age-standardised rates (ASR) of cervical cancer inci-
dence across the regions of India, ranging from 4.8 cases per 100,000 women in 2020 in Dibru-
garh district, Assam, up to 27.7 cases per 100,000 women in Papumpare district, Arunachal
Pradesh [47]. These differences cannot be attributed to HPV vaccination programs, since
these only commenced in 2018 and have thus far been limited to two districts of Punjab,
opportunistic vaccination in Delhi, and one state-wide program in Sikkim [48]. In September
of 2023, we convened a training workshop at the Indian Institute of Technology, Bombay,
where members of the National Disease Modelling Consortium speculated on possible causes
for the state-level variation. Among the many possible contributing factors (including wide
variations in demographic, behavioural and reproductive risk factors), one additional factor
raised as a possible explanation for this phenomenon was variation in screening uptake.
Although all states report relatively low lifetime screening coverage [47], these data are based
on usage of the public system, and in some states utilisation of the private health system may
be higher, meaning that screening rates could be higher than observed in the public data.

For this illustrative case study, we investigated how much cervical cancer incidence would
vary as a function of screening coverage levels alone, holding all else equal. We simulate a pop-
ulation with the demographics and sexual behaviour of India, as presented throughout Section
2. We then assume that screening would have been available as an out-of-pocket service start-
ing from the year 2000, with uptake scaling up linearly from 0% to reach 5, 10, 15, or 20% over
the subsequent 20 years. For each scenario, we run 20 simulations and take the average and the
90% range to account for stochastic differences. We find that prolonged screening programs,
even with relatively low levels of coverage, may result in lower levels of age-standardised can-
cer incidence. We estimate an ASR of cancer incidence without screening of 17.17 [90% range:
15.86, 19.45] in 2020; if we assume 20% lifetime screening coverage by 2020 this falls to 12.39
[90% range: 11.73, 14.03] (Fig 6). Given that 20% would represent extremely high uptake of
the private system, we conclude that while some of the state-level differences may be attribut-
able to private sector screening, it is unlikely to be the main driver of state-level variation.

ASR cancer incidence, 2020

0% 5% 10% 15% 20%
Lifetime screening coverage, 2020

Fig 6. Median modelled age-standardised rate (ASR) of cervical cancer incidence in 2020 across 20 simulations
(blue bars) and 90% range (black bars). Modelled results are based on a setting representative of India but with
varying hypothetical levels of historical screening coverage, increasing linearly from 2000 to reach the values displayed
on the x axis in 2020.

https://doi.org/10.1371/journal.pcbi.1012181.g006
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4. Availability and future directions
4.1 Availability

The source code for HPVsim, including documentation and tutorials, is freely available via
GitHub. The repository containing the India model calibration is here. The scripts to produce
the figures and analyses used in this paper are in a separate GitHub repository available here.
This manuscript refers to all features and parameters of version 2.0.1 of HPVsim. HPVsim fol-
lows best practices for version and dependency management, including a CI/CD/CT pipeline
with comprehensive code coverage to ensure that no regressions are introduced as dependen-
cies are updated.

4.2 Future directions

The HPVsim software can be used to rapidly produce models of HPV and cervical cancer, but
before a model can be used within a given setting, it must first be calibrated, i.e. contextualised
by identifying parameters that generate model outputs resembling observed data. The calibra-
tion process represents an important step for future users and developers of HPVsim. Within
this paper we presented a use case demonstrating how this can be done, and example scripts
for setting up and running a calibration can be found in the Documentation and Tutorials.
However, an important future direction for HPVsim research is to demonstrate its ability to fit
to more diverse data sets, and to evaluate post-hoc out-of-sample fit. In addition, the model
parameters could be further improved with access to better HPV burden and cervical cancer
mortality estimates over time and by region.

The sexual network is an important area for future development. First, HPVsim currently
only models heterosexual partnerships and cisgender individuals; expanding this could poten-
tially increase the accuracy of model outputs. Second, implementing assortative mixing by geo-
graphical location or demographic factors other than age groups would help understand the
impact of network topology on disease transmission. Furthermore, heterogeneities in individ-
uals’ risk of cervical disease and/or uptake of interventions may also correlate with the assorta-
tive mixing pattern in sexual networks. Incorporating functionalities to customise and
evaluate such heterogeneities and their correlation with network structure would be key for
identifying core groups for intervention.

The calibrated model for India that was presented throughout this paper is being further
developed by members of the National Disease Modelling Consortium of India, with a particu-
lar focus on deeper investigation of the state-level variation in cervical cancer incidence, and
how this variation may influence optimal vaccination policies for each state. There have been
some studies on the cost effectiveness of vaccination and screening in India [49], but none
have captured the variation by state, a detail that is likely to be vital for motivating program-
matic implementation.

The calibration method that we used to parameterise HPVsim can be modified to produce
estimates of the posterior distributions of parameters, which allows for better quantification of
uncertainty in the parameter values. Throughout this paper we have focused on the best esti-
mates, mostly because agent-based models already contain considerable stochasticity so it is
difficult to precisely quantify the additional uncertainty around parameter values. Given these
many sources of uncertainty, an approach that we commonly take for interrogating the impact
of uncertainty in parameter values is to conduct sensitivity analyses. For example, rather than
fixing the efficacy of condoms at 50%, one could run simulations with different values to
understand the impact of this assumption. However, improving the methodology for quantify-
ing parametric uncertainty in agent-based models is another direction for ongoing research.
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While HPVsim’s structure is generic enough that theoretically the model can be applied to
any country, we have designed it with lower- and middle-income countries in mind, and as
such it may not capture characteristics specific to higher-income countries (e.g. we do not yet
model cancer progression or treatment in detail). We do not capture diseases caused by HPV
apart from cervical cancer (e.g. genital warts, and cancers of the vulva, vagina, penis, anus, and
oropharynx), although these could be integrated into future versions by adapting the existing
framework. Although we do model heterogeneities in individuals’ risk of cervical disease, we
do not specifically link these varying risk levels to known confounders such as parity, tobacco
use, and other behavioural factors. We also do not capture differences in health-seeking behav-
iour and uptake of interventions arising from age, race, ethnicity, gender identity, sexuality, or
income. All of these current limitations of HPVsim represent possible avenues for future
development contributions.

4.3 Concluding statement

In response to the continued evolution of policy recommendations around HPV vaccination,
screening, and treatment, we have created a model which, over time and as it is further applied,
will enable researchers and policy makers to analyse new technologies, evaluate different strat-
egies, and feed into decision-making pipelines. Models like HPVsim are often used to evaluate
the impact of interventions, information which can then be incorporated into a cost-effective-
ness analysis if cost data are available. We are committed to ongoing development and
improvement of HPVsim in partnership with stakeholders, collaborators, and users of the
model, not only because such collaborations strengthen the model itself, but more importantly,
because they provide an opportunity to work together towards the fundamental goal of cervical
cancer elimination.

Supporting information

S1 Text. Collated supplementary materials.
(DOCX)

Acknowledgments

This project is sponsored by Hao Hu and Daniel Klein. We thank our expert advisers for their
frequent and helpful consultations on model conceptualisation and development. These
include but are not limited to Sharon Achilles, Maike Scharp, Celina Schocken, Peter Dull,
John Schiller, Chris Karp, and Holger Kanzler. Mark Jit, David Wilson, Sherrie Kelly, Jasmina
Panovska-Griffiths, Andrew Shattock, Edinah Mudimu, Michelle O’Brien, Helen Olsen, and
Greer Fowler provided editing and informal review. Erin Ingle provided valuable literature
review support to inform model parameters. Tremendous gratitude to Mandy Izzo for her
graphical content and editing support.

Author Contributions

Conceptualization: Jamie A. Cohen, Cliff C. Kerr, Romesh G. Abeysuriya.

Data curation: Mariah C. Boudreau.

Formal analysis: Marita Zimmermann.

Investigation: Robyn M. Stuart, Jamie A. Cohen, Cliff C. Kerr, Romesh G. Abeysuriya.
Methodology: Robyn M. Stuart, Jamie A. Cohen, Cliff C. Kerr, Romesh G. Abeysuriya.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012181  July 5, 2024 14/17


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012181.s001
https://doi.org/10.1371/journal.pcbi.1012181

PLOS COMPUTATIONAL BIOLOGY HPVsim: An agent-based model of HPV transmission and cervical cancer

Software: Robyn M. Stuart, Jamie A. Cohen, Cliff C. Kerr, Romesh G. Abeysuriya.
Supervision: Darcy W. Rao, Daniel J. Klein.

Validation: Prashant Mathur, Serin Lee, Luojun Yang.

Writing - original draft: Robyn M. Stuart, Jamie A. Cohen, Cliff C. Kerr.

Writing - review & editing: Robyn M. Stuart, Jamie A. Cohen, Cliff C. Kerr, Prashant Mathur,
Romesh G. Abeysuriya, Marita Zimmermann, Darcy W. Rao, Serin Lee, Luojun Yang.

References

1. Global strategy to accelerate the elimination of cervical cancer as a public health problem [Internet].
[cited 2022 Nov 21]. Available from: https://www.who.int/publications-detail-redirect/9789240014107

2. One-dose Human Papillomavirus (HPV) vaccine offers solid protection against cervical cancer [Inter-
net]. [cited 2022 Nov 21]. Available from: https://www.who.int/news/item/11-04-2022-one-dose-human-
papillomavirus-(hpv)-vaccine-offers-solid-protection-against-cervical-cancer PMID: 35537734

3. HallMT, Simms KT, Lew JB, Smith MA, Brotherton JM, Saville M, et al. The projected timeframe until
cervical cancer elimination in Australia: a modelling study. Lancet Public Health. 2019 Jan 1; 4(1):e19—
27. https://doi.org/10.1016/S2468-2667(18)30183-X PMID: 30291040

4. Brisson M, Kim JJ, Canfell K, Drolet M, Gingras G, Burger EA, et al. Impact of HPV vaccination and cer-
vical screening on cervical cancer elimination: a comparative modelling analysis in 78 low-income and
lower-middle-income countries. The Lancet. 2020 Feb 22; 395(10224):575-90. https://doi.org/10.1016/
S0140-6736(20)30068-4 PMID: 32007141

5. RaoDW, Bayer CJ, Liu G, Chikandiwa A, Sharma M, Hathaway CL, et al. Modelling cervical cancer
elimination using single-visit screening and treatment strategies in the context of high HIV prevalence:
estimates for KwaZulu-Natal, South Africa. J Int AIDS Soc. 2022 Oct 12; 25(10):26021. https://doi.org/
10.1002/jia2.26021 PMID: 36225139

6. Boily MC, Barnabas RV, Ronn MM, Bayer CJ, Schalkwyk C van, Soni N, et al. Estimating the effect of
HIV on cervical cancer elimination in South Africa: Comparative modelling of the impact of vaccination
and screening. eClinicalMedicine [Internet]. 2022 Dec 1 [cited 2023 Jan 6];54. Available from: https://
www.thelancet.com/journals/eclinm/article/P11S2589-5370(22)00483-7/fulltext https://doi.org/10.1016/j.
eclinm.2022.101754 PMID: 36583170

7. Simms KT, Steinberg J, Caruana M, Smith MA, Lew JB, Soerjomataram |, et al. Impact of scaled up
human papillomavirus vaccination and cervical screening and the potential for global elimination of cer-
vical cancer in 181 countries, 2020—99: a modelling study. Lancet Oncol. 2019 Mar 1; 20(3):394—407.
https://doi.org/10.1016/S1470-2045(18)30836-2 PMID: 30795950

8. GaoM, HuS, Zhao X, You T, Jit M, Liu Y, et al. Health and economic impact of delaying large-scale
HPV vaccination and screening implementation on cervical cancer in China: a modelling study. Lancet
Reg Health—-West Pac [Internet]. 2023 Jul 1 [cited 2023 Dec 12];36. Available from: https://www.
thelancet.com/journals/lanwpc/article/PI1S2666-6065(23)00086-X/fulltext

9. KimJJ, Simms KT, Killen J, Smith MA, Burger EA, Sy S, et al. Human papillomavirus vaccination for
adults aged 30 to 45 years in the United States: A cost-effectiveness analysis. PLOS Med. 2021 Mar
11; 18(3):e1003534. https://doi.org/10.1371/journal.pmed.1003534 PMID: 33705382

10. Creighton P, Lew JB, Clements M, Smith M, Howard K, Dyer S, et al. Cervical cancer screening in Aus-
tralia: modelled evaluation of the impact of changing the recommended interval from two to three years.
BMC Public Health. 2010 Nov 26; 10(1):734. https://doi.org/10.1186/1471-2458-10-734 PMID:
21110881

11.  Jit M, Brisson M, Portnoy A, Hutubessy R. Cost-effectiveness of female human papillomavirus vaccina-
tion in 179 countries: a PRIME modelling study. Lancet Glob Health. 2014 Jul; 2(7):e406—414. https://
doi.org/10.1016/S2214-109X(14)70237-2 PMID: 25103394

12. Liu G, Mugo NR, Bayer C, Rao DW, Onono M, Mgodi NM, et al. Impact of catch-up human papillomavi-
rus vaccination on cervical cancer incidence in Kenya: A mathematical modeling evaluation of HPV vac-
cination strategies in the context of moderate HIV prevalence. eClinicalMedicine [Internet]. 2022 Mar 1
[cited 2022 Jul 15];45. Available from: https://www.thelancet.com/journals/eclinm/article/P11S2589-
5370(22)00036-0/fulltext

13. MwendaV, Jalang’o R, Miano C, Bor JP, Nyangasi M, Mecca L, et al. Impact, cost-effectiveness, and
budget implications of HPV vaccination in Kenya: A modelling study. Vaccine. 2023 Jun 29; 41
(29):4228-38. https://doi.org/10.1016/j.vaccine.2023.05.019 PMID: 37296015

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012181  July 5, 2024 15/17


https://www.who.int/publications-detail-redirect/9789240014107
https://www.who.int/news/item/11-04-2022-one-dose-human-papillomavirus-(hpv)-vaccine-offers-solid-protection-against-cervical-cancer
https://www.who.int/news/item/11-04-2022-one-dose-human-papillomavirus-(hpv)-vaccine-offers-solid-protection-against-cervical-cancer
http://www.ncbi.nlm.nih.gov/pubmed/35537734
https://doi.org/10.1016/S2468-2667%2818%2930183-X
http://www.ncbi.nlm.nih.gov/pubmed/30291040
https://doi.org/10.1016/S0140-6736%2820%2930068-4
https://doi.org/10.1016/S0140-6736%2820%2930068-4
http://www.ncbi.nlm.nih.gov/pubmed/32007141
https://doi.org/10.1002/jia2.26021
https://doi.org/10.1002/jia2.26021
http://www.ncbi.nlm.nih.gov/pubmed/36225139
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(22)00483-7/fulltext
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(22)00483-7/fulltext
https://doi.org/10.1016/j.eclinm.2022.101754
https://doi.org/10.1016/j.eclinm.2022.101754
http://www.ncbi.nlm.nih.gov/pubmed/36583170
https://doi.org/10.1016/S1470-2045%2818%2930836-2
http://www.ncbi.nlm.nih.gov/pubmed/30795950
https://www.thelancet.com/journals/lanwpc/article/PIIS2666-6065(23)00086-X/fulltext
https://www.thelancet.com/journals/lanwpc/article/PIIS2666-6065(23)00086-X/fulltext
https://doi.org/10.1371/journal.pmed.1003534
http://www.ncbi.nlm.nih.gov/pubmed/33705382
https://doi.org/10.1186/1471-2458-10-734
http://www.ncbi.nlm.nih.gov/pubmed/21110881
https://doi.org/10.1016/S2214-109X%2814%2970237-2
https://doi.org/10.1016/S2214-109X%2814%2970237-2
http://www.ncbi.nlm.nih.gov/pubmed/25103394
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(22)00036-0/fulltext
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(22)00036-0/fulltext
https://doi.org/10.1016/j.vaccine.2023.05.019
http://www.ncbi.nlm.nih.gov/pubmed/37296015
https://doi.org/10.1371/journal.pcbi.1012181

PLOS COMPUTATIONAL BIOLOGY HPVsim: An agent-based model of HPV transmission and cervical cancer

14. Campos NG, Demarco M, Bruni L, Desai KT, Gage JC, Adebamowo SN, et al. A proposed new genera-
tion of evidence-based microsimulation models to inform global control of cervical cancer. Prev Med.
2021 Mar 1; 144:106438. https://doi.org/10.1016/j.ypmed.2021.106438 PMID: 33678235

15. Eddy DM, Hollingworth W, Caro JJ, Tsevat J, McDonald KM, Wong JB, et al. Model transparency and
validation: a report of the ISPOR-SMDM Modeling Good Research Practices Task Force-7. Med Decis
Mak Int J Soc Med Decis Mak. 2012 Oct; 32(5):733—43.

16. Caro JJ, Briggs AH, Siebert U, Kuntz KM, ISPOR-SMDM Modeling Good Research Practices Task
Force. Modeling good research practices—overview: a report of the ISPOR-SMDM Modeling Good
Research Practices Task Force—1. Value Health J Int Soc Pharmacoeconomics Outcomes Res. 2012
Oct; 15(6):796-803.

17.  Malone K, Wolski R. Issue 2.2, Spring 2020. Harv Data Sci Rev [Internet]. 2020 Apr 30 [cited 2023 Jan
14];2(2). Available from: https://hdsr.mitpress.mit.edu/pub/xsrt4zs2/release/6

18. Giving software its due. Nat Methods. 2019 Mar; 16(3):207—-207. https://doi.org/10.1038/s41592-019-
0350-x PMID: 30814703

19. Kerr CC, Stuart RM, Mistry D, Abeysuriya RG, Rosenfeld K, Hart GR, et al. Covasim: An agent-based
model of COVID-19 dynamics and interventions. PLOS Comput Biol. 2021 Jul 26; 17(7):1009149.
https://doi.org/10.1371/journal.pcbi.1009149 PMID: 34310589

20. O’Brien ML, Valente A, Kerr CC, Proctor JL, Noori N, Root ED, et al. FPsim: an agent-based model of
family planning. Npj Womens Health. 2023 Oct 18; 1(1):1-11.

21. InstituteforDiseaseModeling/synthpops [Internet]. Institute for Disease Modeling; 2020 [cited 2020 Aug
20]. Available from: https://github.com/InstituteforDiseaseModeling/synthpops

22, Nations United. World Population Prospects 2022. Department of Economic and Social Affairs, Popula-
tion Division; 2022.

23. Klein DJ. Relationship Formation and Flow Control Algorithms for Generating Age-Structured Networks
in HIV Modeling. In Maui, Hawaii, USA; 2012.

24. Brown DR, Castellsagué X, Ferris D, Garland SM, Huh W, Steben M, et al. Human papillomavirus sero-
prevalence and seroconversion following baseline detection of nine human papillomavirus types in
young women. Tumour Virus Res. 2022 Jun 1; 13:200236. https://doi.org/10.1016/j.tvr.2022.200236
PMID: 35525430

25. Coseo S, Porras C, Hildesheim A, Rodriguez AC, Schiffman M, Herrero R, et al. Seroprevalence and
correlates of human papillomavirus 16/18 seropositivity among young women in Costa Rica. Sex
Transm Dis. 2010 Nov; 37(11):706—14. https://doi.org/10.1097/0OLQ.0b013e3181e1a2c5 PMID:
20661178

26. Beachler DC, Jenkins G, Safaeian M, Kreimer AR, Wentzensen N. Natural Acquired Immunity Against
Subsequent Genital Human Papillomavirus Infection: A Systematic Review and Meta-analysis. J Infect
Dis. 2016 May 1; 213(9):1444-54. https://doi.org/10.1093/infdis/jiv753 PMID: 26690341

27. Burger EA, de Kok IMCM, Groene E, Killen J, Canfell K, Kulasingam S, et al. Estimating the Natural His-
tory of Cervical Carcinogenesis Using Simulation Models: A CISNET Comparative Analysis. JNCI J
Natl Cancer Inst. 2019 Dec 10; 112(9):955-63.

28. Desai KT, Befano B, Xue Z, Kelly H, Campos NG, Egemen D, et al. The development of “automated
visual evaluation” for cervical cancer screening: The promise and challenges in adapting deep-learning
for clinical testing. Int J Cancer. 2022; 150(5):741-52.

29. Hul,BellD, Antani S, Xue Z, Yu K, Horning MP, et al. An Observational Study of Deep Learning and
Automated Evaluation of Cervical Images for Cancer Screening. JNCI J Natl Cancer Inst. 2019 Sep 1;
111(9):923-32. https://doi.org/10.1093/jnci/djy225 PMID: 30629194

30. Stuart RM, Cohen JA, Abeysuriya RG, Sanz-Leon P, Kerr CC, Rao DW, et al. Inferring the natural his-
tory of HPV from global cancer registries: insights from a multi-country calibration. Rev.

31. McCredie MRE, Sharples KJ, Paul C, Baranyai J, Medley G, Jones RW, et al. Natural history of cervical
neoplasia and risk of invasive cancer in women with cervical intraepithelial neoplasia 3: a retrospective
cohort study. Lancet Oncol. 2008 May; 9(5):425—34. https://doi.org/10.1016/S1470-2045(08)70103-7
PMID: 18407790

32. Schiffman M, Wentzensen N, Wacholder S, Kinney W, Gage JC, Castle PE. Human papillomavirus
testing in the prevention of cervical cancer. J Natl Cancer Inst. 2011 Mar 2; 103(5):368-83. https://doi.
org/10.1093/jnci/djg562 PMID: 21282563

33. Rodriguez AC, Schiffman M, Herrero R, Wacholder S, Hildesheim A, Castle PE, et al. Rapid clearance
of human papillomavirus and implications for clinical focus on persistent infections. J Natl Cancer Inst.
2008 Apr 2; 100(7):513-7. https://doi.org/10.1093/jnci/djn044 PMID: 18364507

34. Wentzensen N, Rodriguez AC, Viscidi R, Herrero R, Hildesheim A, Ghosh A, et al. A competitive sero-
logical assay shows naturally acquired immunity to human papillomavirus infections in the Guanacaste

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012181  July 5, 2024 16/17


https://doi.org/10.1016/j.ypmed.2021.106438
http://www.ncbi.nlm.nih.gov/pubmed/33678235
https://hdsr.mitpress.mit.edu/pub/xsrt4zs2/release/6
https://doi.org/10.1038/s41592-019-0350-x
https://doi.org/10.1038/s41592-019-0350-x
http://www.ncbi.nlm.nih.gov/pubmed/30814703
https://doi.org/10.1371/journal.pcbi.1009149
http://www.ncbi.nlm.nih.gov/pubmed/34310589
https://github.com/InstituteforDiseaseModeling/synthpops
https://doi.org/10.1016/j.tvr.2022.200236
http://www.ncbi.nlm.nih.gov/pubmed/35525430
https://doi.org/10.1097/OLQ.0b013e3181e1a2c5
http://www.ncbi.nlm.nih.gov/pubmed/20661178
https://doi.org/10.1093/infdis/jiv753
http://www.ncbi.nlm.nih.gov/pubmed/26690341
https://doi.org/10.1093/jnci/djy225
http://www.ncbi.nlm.nih.gov/pubmed/30629194
https://doi.org/10.1016/S1470-2045%2808%2970103-7
http://www.ncbi.nlm.nih.gov/pubmed/18407790
https://doi.org/10.1093/jnci/djq562
https://doi.org/10.1093/jnci/djq562
http://www.ncbi.nlm.nih.gov/pubmed/21282563
https://doi.org/10.1093/jnci/djn044
http://www.ncbi.nlm.nih.gov/pubmed/18364507
https://doi.org/10.1371/journal.pcbi.1012181

PLOS COMPUTATIONAL BIOLOGY HPVsim: An agent-based model of HPV transmission and cervical cancer

Natural History Study. J Infect Dis. 2011 Jul 1; 204(1):94—102. https://doi.org/10.1093/infdis/jir209
PMID: 21628663

35. Rodriguez AC, Schiffman M, Herrero R, Hildesheim A, Bratti C, Sherman ME, et al. Longitudinal study
of human papillomavirus persistence and cervical intraepithelial neoplasia grade 2/3: critical role of
duration of infection. J Natl Cancer Inst. 2010 Mar 3; 102(5):315-24. https://doi.org/10.1093/jnci/djq001
PMID: 20157096

36. Barnabas RV, Brown ER, Onono MA, Bukusi EA, Njoroge B, Winer RL, et al. Efficacy of Single-Dose
Human Papillomavirus Vaccination among Young African Women. NEJM Evid. 2022 Apr 26; 1(5):
EVID0a2100056.

37. Kjaer SK, Nygard M, Sundstrédm K, Dillner J, Tryggvadottir L, Munk C, et al. Final analysis of a 14-year
long-term follow-up study of the effectiveness and immunogenicity of the quadrivalent human papillo-
mavirus vaccine in women from four nordic countries. eClinicalMedicine [Internet]. 2020 Jun 1 [cited
2022 May 12];23. Available from: https://www.thelancet.com/journals/eclinm/article/P11S2589-5370(20)
30145-0/fulltext#seccesectitle0018 https://doi.org/10.1016/j.eclinm.2020.100401 PMID: 32637895

38. Huh WK, Joura EA, Giuliano AR, Iversen OE, de Andrade RP, Ault KA, et al. Final efficacy, immunoge-
nicity, and safety analyses of a nine-valent human papillomavirus vaccine in women aged 16-26 years:
a randomised, double-blind trial. Lancet Lond Engl. 2017 Nov 11; 390(10108):2143-59.

39. Porras C, Tsang SH, Herrero R, Guillén D, Darragh TM, Stoler MH, et al. Efficacy of the bivalent HPV
vaccine against HPV 16/18-associated precancer: long-term follow-up results from the Costa Rica Vac-
cine Trial. Lancet Oncol. 2020 Dec; 21(12):1643-52. https://doi.org/10.1016/S1470-2045(20)30524-6
PMID: 33271093

40. WHO guideline for screening and treatment of cervical pre-cancer lesions for cervical cancer prevention
[Internet]. [cited 2022 Dec 21]. Available from: https://www.who.int/publications-detail-redirect/
9789240030824

41. Randall TC, Sauvaget C, Muwonge R, Trimble EL, Jeronimo J. Worthy of further consideration: An
updated meta-analysis to address the feasibility, acceptability, safety and efficacy of thermal ablation in
the treatment of cervical cancer precursor lesions. Prev Med. 2019 Jan 1; 118:81-91. https://doi.org/10.
1016/j.ypmed.2018.10.006 PMID: 30342109

42. Efficacy, acceptability and safety of ablative versus excisional procedure in the treatment of histologi-
cally confirmed CIN2/3: A systematic review—Zhang—2023—BJOG: An International Journal of
Obstetrics & Gynaecology—Wiley Online Library [Internet]. [cited 2022 Dec 18]. Available from: https:/
obgyn.onlinelibrary.wiley.com/doi/10.1111/1471-0528.17251

43. Slavkovsky RC, Bansil P, Sandoval MA, Figueroa J, Rodriguez DM, Lobo JS, et al. Health Outcomes at
1 Year After Thermal Ablation for Cervical Precancer Among Human Papillomavirus—and Visual Inspec-
tion With Acetic Acid—Positive Women in Honduras. JCO Glob Oncol. 2020 Nov;(6):1565-73.

44. Zhao XL, Liu ZH, Zhao S, Hu SY, Muwonge R, Duan XZ, et al. Efficacy of point-of-care thermal ablation
among high-risk human papillomavirus positive women in China. Int J Cancer. 2021 Mar 15; 148
(6):1419-27. https://doi.org/10.1002/ijc.33290 PMID: 32895912

45. YangA, Farmer E, Wu TC, Hung CF. Perspectives for therapeutic HPV vaccine development. J Biomed
Sci. 2016 Nov 4; 23(1):75. https://doi.org/10.1186/s12929-016-0293-9 PMID: 27809842

46. Prudden HJ, Achilles SL, Schocken C, Broutet N, Canfell K, Akaba H, et al. Understanding the public
health value and defining preferred product characteristics for therapeutic human papillomavirus (HPV)
vaccines: World Health Organization consultations, October 2021-March 2022. Vaccine. 2022 Sep 29;
40(41):5843-55. https://doi.org/10.1016/j.vaccine.2022.08.020 PMID: 36008233

47. Ramamoorthy T, Sathishkumar K, Das P, Sudarshan KL, Mathur P. Epidemiology of human papilloma-
virus related cancers in India: findings from the National Cancer Registry Programme. ecancermedi-
calscience [Internet]. 2022 [cited 2023 Dec 12];16. Available from: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC9666279/ https://doi.org/10.3332/ecancer.2022.1444 PMID: 36405943

48. Sankaranarayanan R, Basu P, Kaur P, Bhaskar R, Singh GB, Denzongpa P, et al. Current status of
human papillomavirus vaccination in India’s cervical cancer prevention efforts. Lancet Oncol. 2019 Nov;
20(11):e637—44. https://doi.org/10.1016/S1470-2045(19)30531-5 PMID: 31674322

49. Chauhan AS, Prinja S, Srinivasan R, Rai B, Malliga J, Jyani G, et al. Cost effectiveness of strategies for
cervical cancer prevention in India. PLoS ONE. 2020 Sep 1; 15(9):e0238291. https://doi.org/10.1371/
journal.pone.0238291 PMID: 32870941

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012181  July 5, 2024 17/17


https://doi.org/10.1093/infdis/jir209
http://www.ncbi.nlm.nih.gov/pubmed/21628663
https://doi.org/10.1093/jnci/djq001
http://www.ncbi.nlm.nih.gov/pubmed/20157096
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(20)30145-0/fulltext#seccesectitle0018
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(20)30145-0/fulltext#seccesectitle0018
https://doi.org/10.1016/j.eclinm.2020.100401
http://www.ncbi.nlm.nih.gov/pubmed/32637895
https://doi.org/10.1016/S1470-2045%2820%2930524-6
http://www.ncbi.nlm.nih.gov/pubmed/33271093
https://www.who.int/publications-detail-redirect/9789240030824
https://www.who.int/publications-detail-redirect/9789240030824
https://doi.org/10.1016/j.ypmed.2018.10.006
https://doi.org/10.1016/j.ypmed.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30342109
https://obgyn.onlinelibrary.wiley.com/doi/10.1111/1471-0528.17251
https://obgyn.onlinelibrary.wiley.com/doi/10.1111/1471-0528.17251
https://doi.org/10.1002/ijc.33290
http://www.ncbi.nlm.nih.gov/pubmed/32895912
https://doi.org/10.1186/s12929-016-0293-9
http://www.ncbi.nlm.nih.gov/pubmed/27809842
https://doi.org/10.1016/j.vaccine.2022.08.020
http://www.ncbi.nlm.nih.gov/pubmed/36008233
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9666279/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9666279/
https://doi.org/10.3332/ecancer.2022.1444
http://www.ncbi.nlm.nih.gov/pubmed/36405943
https://doi.org/10.1016/S1470-2045%2819%2930531-5
http://www.ncbi.nlm.nih.gov/pubmed/31674322
https://doi.org/10.1371/journal.pone.0238291
https://doi.org/10.1371/journal.pone.0238291
http://www.ncbi.nlm.nih.gov/pubmed/32870941
https://doi.org/10.1371/journal.pcbi.1012181

